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SUMMARY 
A dynamic r a i n  a t t e n u a t i o n  p r e d i c t i o n  model i s  developed f o r  use i n  
o b t a i n i n g  the  temporal c h a r a c t e r i s t i c s ,  on t i m e  scales of minutes o r  hours, o f  
s a t e l l i t e  communication l i n k  a v a i l a b i l i t y .  Analogous t o  the associated 
" s t a t i c "  r a i n  a t t e n u a t i o n  model, which y i e l d s  y e a r l y  a t t e n u a t i o n  p r e d i c t i o n s  
and i s  the sub jec t  o f  p a r t  I o f  t h i s  work (NASA Cont rac tor  Report #179498, 
Sept. 19861, t h i s  dynamic model i s  a p p l i c a b l e  a t  any l o c a t i o n  i n  the wor ld  
t h a t  i s  charac te r i zed  by the s t a t i c  r a i n  a t t e n u a t i o n  s t a t i s t i c s  p e c u l i a r  t o  
the  geometry of  the s a t e l l i t e  l i n k  and the r a i n  s t a t i s t i c s  o f  the l o c a t i o n .  
Such s t a t i s t i c s  a re  c a l c u l a t e d  by employing the formal ism o f  p a r t  I. 
the dynamic model presented here i s  an extens ion of the s t a t i c  model and 
reduces t o  the  s t a t i c  model i n  the  appropr ia te  l i m i t .  By assuming t h a t  r a i n  
a t t e n u a t i o n  i s  dynamical ly  descr ibed by a f i r s t - o r d e r  s tochas t i c  d i f f e r e n t i a l  
equat ion i n  t i m e  and t h a t  t h i s  random a t t e n u a t i o n  process i s  a Markov process, 
an express ion for  the associated t r a n s i t i o n  p r o b a b i l i t y  i s  ob ta ined by s o l v i n g  
the r e l a t e d  fo rward  Kolmogorov equat ion.  This  t r a n s i t i o n  p r o b a b i l i t y  i s  then 
used to o b t a i n  such temporal r a i n  a t t e n u a t i o n  s t a t i s t i c s  as a t t e n u a t i o n  dura- 
t i o n s  and a1 lowable a t t e n u a t i o n  margins versus c o n t r o l  sys tem de lay  t i m e  for  
s p e c i f i e d  r a i n  fade c o n t r o l  a v a i l a b l l i t i e s .  The t i m e  parameter t h a t  en te rs  
i n t o  the s t o c h a s t i c  d i f f e r e n t i a l  equat ion,  a parameter t h a t  i s  taken to  be a 
temporal c h a r a c t e r i s t i c  o f  r a i n  a t tenua t ion ,  i s  c a l c u l a t e d  from a v a i l a b l e  
exper imenta l  data.  A coord inated propagat ion experiment i s  a l s o  s p e c i f i e d  t o  
o b t a i n  t h i s  parameter f rom a t t e n u a t i o n  observat ions.  F i n a l l y ,  us ing  the  a t ten -  
u a t i o n  s t a t i s t i c s  found i n  p a r t  I for 59 c i t i e s  w i t h  ACTS l i n k s ,  the dynamic 
model i s  used t o  f i n d  fade du ra t i ons  and t o l e r a b l e  c o n t r o l  delays for  l i n k s  i n  
these c i t i e s .  






1.  INTRODUCTION 
As was e labora ted  upon i n  p a r t  I of  t h i s  work ( r e f .  l ) ,  w i t h  which f a m i l i -  
a r i  t y  by the reader  i s  presupposed) the i n c r e a s i n g l y  advanced communication 
s a t e l l i t e  technology one deals w i t h  today b r ings  w i t h  i t  a p ropor t i ona te  com- 
p l e x i t y  i n  assoc iated techn ica l  problems t h a t  must be solved. The Advanced 
Communications Technology S a t e l l i t e  (ACTS) program a t  NASA Lewis Research Cen- 
t e r  possesses a s e t  o f  ana lys i s  problems never be fore  encountered i n  a s a t e l -  
l i t e  p r o j e c t .  The communications a c q u i s i t i o n  on a c i t y - b y - c i t y  bas is  a f f o r d e d  
by the scanning beam technology on ACTS requ i res  one t o  d i f f e r e n t i a t e  r a i n  
a t tenua t ion  s t a t i s t i c s  on the same c i t y - b y - c i t y  bas is  for r e l i a b l e  communica- 
t i o n  l i n k  a v a i l a b i l i t y  p r e d i c t i o n s .  
performed i n  re fe rence 1 where a r a i n  a t t e n u a t i o n  p r e d i c t i o n  model was deve- 
loped to  g ive  communication l i n k  a v a i l a b i l i t y  p r e d i c t i o n s  on the bas is  of an 
average year .  
l i n k  i n  any l o c a t i o n ,  a s p e c i f i c  a p p l i c a t i o n  o f  the  model was made f o r  l i n k s  
f rom ACTS ( t o  be p laced i n  a geosynchronous o r b l t  a t  100" W l ong i tude )  t o  59 
d i f f e r e n t  c i t i e s  i n  the U.S. i n c l u d i n g  Alaska and Hawaii. Also,  i n  another 
p u b l i c a t i o n  ( r e f .  2), the model was app l i ed  t o  33 o the r  c i t i e s  i n  the U.S. 
This model i s  a s t a t i c  one i n  the  sense t h a t  i t  a l lows one t o  o b t a i n  l i n k  
a v a i l a b i l i t y  ( i . e . ,  the de terminat ion  of how many minutes per year a g iven 
a t tenua t ion  w i l l  be exceeded on a p a r t i c u l a r  l i n k )  averaged over the t i m e  
i n t e r v a l  o f  a year (365.25 days), thus i m p l i c i t l y  l o s i n g  temporal d e s c r i p t i o n s  
o f  the i n d i v i d u a l  r a i n  a t t e n u a t i o n  events and t h e i r  s t a t i s t i c s  t h a t  c o l l e c -  
t i v e l y  a re  "averaged over" i n  the model. 
t h a t  the meteoro log ica l  data base used t o  p rov ide  the  r a i n  s t a t i s t i c s  employed 
i n  re fe rence 1 were ob ta inab le  on a y e a r l y  bas is .  
This was the major mo t i va t i on  o f  the  work 
Al though the model o f  re fe rence 1 i s  app l i cab le  t o  any s a t e l l i t e  
This  i s  fundamenta l ly  due t o  the f a c t  
The present  work endeavors t o  extend the s t a t i c  model ( r e f .  1 )  by theo re t -  
i c a l l y  adding a temporal d e s c r i p t i o n  o f  r a i n  a t t e n u a t i o n  v i a  the i n t r o d u c t i o n  
o f  a s tochas t i c  d i f f e r e n t i a l  equat ion and, necessa r i l y ,  a c h a r a c t e r i s t i c  tempo- 
r a l  parameter t h a t  descr ibes the temporal e v o l u t i o n  o f  a t y p i c a l  r a i n  at tenua-  
t i o n  event over a r b i t r a r y  t i m e  i n t e r v a l s  ( t y p i c a l l y ,  i n t e r v a l s  over minutes or 
hours 1. 
Other than the assumption of  the form used for  the s tochas t i c  d i f f e r e n t i a l  
equat ion taken to  govern the random a t t e n u a t i o n  process i n  t i m e ,  an assumption 
i s  made t h a t  t h i s  process i s  a Markov random process. 
o b t a i n  a forward Kolmogorov equat ion,  the s o l u t i o n  o f  which g ives  a t r a n s i t i o n  
p r o b a b i l i t y  o f  the a t t e n u a t i o n  process, i . e . ,  a t i m e  dependent p r o b a b i l i t y  den- 
s i t y  for a t tenua t ion .  Contact  i s  made between the r e s u l t i n g  dynamic model and 
the s t a t i c  one by r e q u i r i n g  t h a t  the  temporal p r o b a b i l i t y  d e n s i t y  o f  the 
dynamic model reduce t o  the  s t a t i c  p r o b a b i l i t y  d e n s i t y  o f  the model i n  r e f e r -  
ence 1 i n  the l i m i t  o f  the  t i m e  i n t e r v a l  approaching t h a t  o f  a year (which, 
mathemat ica l l y  i s  taken to  be i n f i n i t y ) .  
Th ls  a l lows one t o  
Such an ex tens ion  o f  the model g iven  ( r e f .  1 )  a l lows one t o  analyze o the r  
novel problems in t roduced by the ACTS system. The h igh  data r a t e  t ransmiss ion  
along a t y p i c a l  ACTS l i n k  as w e l l  as the need t o  achieve the h ighes t  a v a i l a b i l -  
i t y  or r e l i a b i l i t y  o f  each l i n k  d i c t a t e s  the use o f  r a i n  fade countermeasures. 
One such countermeasure i s  t h a t  o f  Forward E r r o r  Cor rec t i on  ( F E C I  implementa- 
t i o n  i n  the d i g i t a l  data stream. This e r r o r  c o r r e c t i n g  code, to be used when 
s igna l  l e v e l s  are degraded by r a i n  a t tenua t ion ,  requ i res  the use o f  spare t i m e  
t h a t  i s  b u i l t  i n t o  the processor c o n t r o l l i n g  the data streams and spot beams 
w i t h i n  ACTS. The o v e r a l l  spare t i m e  t h a t  i s  needed on a system-wide bas is  for 
such coding i s  t he re fo re  dependent on how long each s t a t i o n  o r  s t a t i o n s  w i t h i n  
the ACTS system w i l l  undergo a r a i n  fade beyond some prescr ibed va lue.  A pre- 
r e q u i s i t e  f o r  such a study ( r e f .  3) i s  t h a t  one have a s t a t i s t i c a l  d e s c r i p t i o n  
o f  r a i n  fade dura t ions  on each l i n k .  
Another fade countermeasure t h a t  can be used i s  t h a t  o f  power c o n t r o l .  
The op t ima l  use o f  power c o n t r o l  i s  f a c i l i t a t e d  i f  one knows how long i t  w i l l  
take for a g iven c o n t r o l  t h resho ld  a t t e n u a t i o n  t o  be reached i f  one observes an 
2 
a t t e n u a t i o n  l e v e l  t h a t  i s  l e s s  than t h i s  th resho ld ;  i t  i s  i n t u i t i v e l y  obvious 
t h a t  the c l o s e r  the  observed a t t e n u a t i o n  i s  t o  the th resho ld  a t t e n u a t i o n  a t  
which c o n t r o l  must be app l ied ,  t he  sho r te r  the t i m e  i n t e r v a l  i s  f o r  the  thresh- 
o l d  value to be reached. O f  course, t h i s  be ing a s t a t i s t i c a l l y  based problem, 
the t i m e  i n t e r v a l s  f o r  g iven  th resho ld  values t o  be reached from " c u r r e n t l y  
observed" values l e s s  than t h a t  o f  the th resho ld ,  can o n l y  be s ta ted  w i t h  an 
associated u n c e r t a i n t y .  
a v a i l a b i l i t y ,  n o t  t o  be confused w i t h  l i n k  a v a i l a b i l i t y .  
4 This  u n c e r t a i n t y  leads t o  the concept o f  c o n t r o l  
8 These a n a l y s i s  quest ions,  as w e l l  as many o thers ,  can be answered w i t h  
the  formal ism of the dynamic r a i n  a t t e n u a t i o n  model to  be presented here.  
t i o n  2 o f  t h i s  work covers the t h e o r e t i c a l  development if the temporal aspects 
o f  the r a i n  model. Sec t ion  3 g ives  the  a p p l i c a t i o n s  of the work o f  the  p r e v i -  
ous sec t ion .  A t  the  o u t s e t  o f  sec t i on  3 ,  value i s  c a l c u l a t e d  f rom emp i r i ca l  
fade data for the  temporal a t t e n u a t i o n  parameter t h a t  was in t roduced through 
the assumed d i f f e r e n t i a l  equat ion t h a t  i s  taken t o  govern the  temporal aspects 
o f  r a i n  a t tenua t ion .  This value i s  then used i n  the a p p l i c a t i o n s  o f  the  theory  
to  o b t a i n  fade d u r a t i o n  s t a t i s t i c s  and the  expected t imes- to - th resho ld  informa- 
t i o n  for  the  59 c i t i e s  t h a t  were considered i n  p a r t  I o f  t h i s  work. 
t i o n  to the s t a t i c  s t a t i s t i c a l  parameters c a l c u l a t e d  i n  p a r t  I f o r  each o f  the 
c i t i e s  i n  quest ion,  the o n l y  o t h e r  parameter needed t o  apply  the  present  tempo- 
r a l  r a i n  model i s  the temporal a t t e n u a t i o n  parameter p r e v i o u s l y  mentioned. The 
importance o f  t h i s  parameter t o  the theory  d i c t a t e s  t h a t  i t s  c h a r a c t e r i s t i c s ,  
such as y e a r l y  and geographical  v a r i a t i o n s ,  should be ascer ta ined;  such char- 
a c t e r i s t i c s  were n o t  a v a i l a b l e  i n  the fade d u r a t i o n  data base used here f o r  i t s  
c a l c u l a t i o n .  An exper imental  design based on t h i s  dynamic theory  i s  t h e r e f o r e  
g iven so t h a t  t h i s  temporal parameter can be more thorough ly  s tud ied .  This  i s  
d iscussed i n  appendix C.  Appendices A and €3 p rov ide  in-depth t reatments t o  
sub jec ts  encountered i n  t h i s  work. Appendix D i s  a comp i la t i on  o f  the  fade 
and c o n t r o l  de lay  da ta  generated for  the 59 c i t i e s .  Appendix E l i s t s  the soft- 
ware used to generate the r e s u l t s  presented i n  sec t i on  3. 
Sec- 
I n  addi-  
I t  should be noted t h a t  the  form of the model presented i n  s e c t i o n  3 
reproduces t h a t  which appeared i n  an e a r l i e r  work ( r e f .  4 ) .  However, i n  r e f e r -  
ence 4 ,  the model i s  presented i n  an ad hoc manner, i t  i s  n o t  t i e d  t o  a speci-  
f i e d  s t a t i c  model for a t tenua t ion ,  and i t  does n o t  t i e  the models' r e s u l t s  t o  
emp i r i ca l  fade data i n  o rder  t o  de r i ve  a value for  the  c h a r a c t e r i s t i c  at tenua- 
t i o n  t i m e  parameter. The model presented i n  the present  work s a t l s f i e s  these 
requirements and, more impor tan t l y ,  g ives  the proper formal  i s m  t h a t  w i  1 1  a1 low 
one t o  design dynamic c o n t r o l  a lgor i thms t o  counter  the e f f e c t s  o f  r a i n  at tenu-  
a t i o n  on space communications l i n k s .  Th is  w i l l  form the  subset o f  p a r t  I11 o f  
t h i s  work which e x i s t s  under a separate cover.  
2 .  THE TEMPORAL ATTENUATION MODEL 
Background and I n i t i a l  Assumptions 
As de r i ved  and discussed i n  re fe rence 1 ,  the y e a r l y  cumulat ive p r o b a b i l i t y  
d i s t r i b u t i o n  o f  the a t tenua t ion  due t o  r a i n  i n c u r r i n g  on an Earth-space commu- 
n i c a t i o n s  l i n k  o f  l eng th  L and e l e v a t i o n  angle 8, denoted by A(L,0), i s  
g i ven  by 
3 
where 
q u a n t i t y  P(a 2 A(L,B)IRAIN ON LINK) i s  a c o n d i t i o n a l  cumulat ive p r o b a b i l i t y  
t h a t  the a t t e n u a t i o n  i s  exceeded on the s l a n t  path,  g iven  t h a t  r a i n  occurs 
a long the  path;  the  express ion fo r  t h i s  q u a n t i t y  i s  
Po(L,0) i s  t h e  p r o b a b i l i t y  o f  r a i n  o c c u r r i n g  a long the  s l a n t  pa th .  The 
1nA - lnA, 
(2.2) 
[ ( 2 I 1 I 2  OlnA ] P(a 2 A(L,B>IRAIN ON LINK) = 1/2 e r f c  
where o l n  A Z o l n  A (L,0) i s  the  a t t e n u a t i o n ,  
mean a t tenuat ion ,  and standard d e v i a t i o n  o f  I n  A, r e s p e c t i v e l y ,  t h a t  are,  I n  
general ,  q u a n t i t i e s  dependent on L and 0. The fo rmal ism developed ( r e f .  1)  
a l lows one to  c a l c u l a t e  the  s t a t i s t i c a l  parameters Po, Am, and o l n  A (and 
hence P(a > A(L,0> f o r  any A v i a  equat ions (2.1) and (2.2) )  f o r  any l o c a t i o n  
and s a t e l l i f e  l i n k ,  so l o n g  as t h e  long-term r a i n  s t a t i s t i c s  o f  t h a t  l o c a t i o n  
are known. 
A Z A(L,0), Am = Am (L,0) and 
Al though the  y e a r l y  a v a i l a b i l i t y  p r e d i c t i o n s  o f  re fe rence 1 are  s u f f i c i e n t  
for s a t e l l i t e  system a v a i l a b i l i t y  s tud ies ,  one i s  a l s o  i n t e r e s t e d  i n  knowing 
how the  a t t e n u a t i o n  tempora l l y  evolves on t ime scales o f  seconds or minutes 
once i t  occurs on t h e  communications l i n k .  Such a general  temporal d e s c r i p t i o n  
of the  a t t e n u a t i o n  process, as a f u n c t i o n  o f  t ime, should n a t u r a l l y  t r a n s f o r m  
i n t o  t h a t  o f  re fe rence 1 as t h e  t ime scale approaches t h a t  o f  a year  and thus 
become independent o f  t ime.  Stated d l f f e r e n t l y ,  a general  model i s  sought t h a t  
y i e l d s  a c o n d i t i o n a l  p r o b a b i l i t y  d e n s i t y  p(A,t lRAIN) t h a t  i s  a f u n c t i o n  o f  
t ime t and i s  such t h a t  as t approaches t h a t  o f  a year ,  (as compared to  a 
t ime sca le  based on minutes,  t h i s  s i t u a t i o n  can be represented by t a k i n g  the  
l i m i t  t - a), one has 
p(AIRA1N) = l i m  p(A,t lRAIN) 
t- 
(2.3) 
where p(AIRA1N) i s  the  t ime independent (i .e . ,  s t a t i c )  c o n d i t i o n a l  p r o b a b i l i t y  
d e n s i t y  corresponding to  equat ion  (2.21, i . e . ,  
(2.4) 
To t h i s  end, one considers the  process t h a t  leads t o  t h e  log-normal proba- 
b i l i t y  d i s t r i b u t i o n  o f  equat ion  (2.4) .  Using an argument analogous t o  t h a t  
employed i n  re fe rence 1 for  r a i n r a t e s ,  one has t h a t  the a t t e n u a t i o n  process 
A ( t )  i s  composed o f  a l a r g e  number o f  random t ime-vary ing m u l t i p l i c a t i v e  compo- 
nents A i ( t ) ,  i . e . ,  
A ( t >  = A l ( t ) A 2 ( t ) .  . . A n ( t )  (2.5) 
Each o f  the  q u a n t i t i e s  A i ( t ) ,  i=l, 2, . . . ,  n, represents  a random p e r t u r b a t i o n  
due t o  a v a r i a t i o n  i n  some c h a r a c t e r i s t i c  q u a n t i t y  o f  the  r a i n  a t t e n u a t i o n  
process, e.g., the  r a i n d r o p  s i z e  d i s t r i b u t i o n ,  r a i n d r o p  c a n t i n g  angles,  r a i n  
c e l l  shapes, s izes,  and d i r e c t i o n  o f  movement, e t c .  Taking logar i thms on bo th  
s ides o f  equat ion (2.5) g ives  
4 
. 
By the c e n t r a l  l i m i t  theorem, one has t h a t  for  l a r g e  n, t he  p r o b a b i l i t y  
From these cons ide ra t i ons ,  equa- 
d i s t r i b u t i o n  of l n A ( t )  approaches a normal d i s t r i b u t i o n ,  so long  t h a t  t he re  
i s  no dominant component i n  t h e  se t  A i ( t ) .  
t i o n  (2.4) represents  the p r o b a b i l i t y  d e n s i t y  o f  A (or InA) .  The temporal 
v a r i a t i o n s  o f  each o f  the m u l t i p l i c a t i v e  components A i ( t )  can be c l a s s i f i e d  i n  
terms o f  the c h a r a c t e r i s t i c  t ime over which they can change. For example, t he  
f a c t o r s  t h a t  rep resen t  r a i n  c e l l  movement, r a i n d r o p  s i z e  d i s t r i b u t i o n s  and 
can t ing  angles have c h a r a c t e r i s t i c  t imes o f  change on the  o r d e r  o f  minutes, 
whereas the r a i n  c e l l  s i ze ,  shape, and d i r e c t i o n  of movement have c h a r a c t e r i s -  
t i c  t i m e s  of change on the  o rde r  o f  hours. Thus, the a t t e n u a t i o n  process over 
a p e r i o d  o f  minutes cou ld  be cha rac te r i zed  by a mean and standard d e v i a t i o n  
d i f f e r e n t  from t h a t  o f  a process over a p e r i o d  o f  hours. 
What these observa t ions  suggest i s  t h a t  when one i s  cons ide r ing  the  tem- 
p o r a l  aspects o f  the o v e r a l l  log-normal r a i n  a t t e n u a t i o n  process, one should 
consider t ime v a r i a t i o n s  o f  t h e  e n t i r e  q u a n t i t y  
l n A ( t )  - lnA,(t) 
(2.6) 
where A ( t ) ,  A m ( t )  and U lnA( t )  are now a l l  t o  be taken as f u n c t i o n s  o f  t ime as 
w e l l  as i m p l i c i t  f u n c t i o n s  o f  L and 8 .  
The Dynamic Model 
One must now hypothesize the f u n c t i o n a l  form o f  the t ime dependence o f  
x ( t ) .  A p a l a t a b l e  assumption borne o u t  by casual obse rva t i on  o f  r a i n  i s  t h a t  
t he  t ime r a t e  o f  change (decay) of r a i n r a t e  i s  p r o p o r t i o n a l  t o  the  r a i n r a t e .  
Thus, by the same reasoning, the r a i n  a t t e n u a t i o n  dependent q u a n t i t y  x ( t >  can 
be taken to  be governed by the  r e l a t i o n s h i p  
dx 
d t  
- - - y x ( t )  ( 2 . 7 )  
where y i s  a c h a r a c t e r i s t i c  decay cons tan t .  The r e l a t i o n s h i p  e x h i b i t e d  by 
equat ion  (2.7) i s  n o t  an e q u a l i t y  because one must a l s o  take i n t o  account 
another q u a n t i t y ,  v i t . ,  the random process t h a t  e x c i t e s  or d r i v e s  the  system. 
L e t  the random process be denoted by [ ( t)  and governed by the f o l l o w i n g  
requirements:  
where ( . . . > c  denotes the  c o n d i t i o n a l  ( i . e . ,  t h a t  i t  i s  r a i n i n g )  ensemble 
average. 
The process r( t)  a c t u a l l y  represents  a change 
t r i b u t e  t o  the a t tenua t ion ,  thus l ead ing  to  the t i m e  
That i s ,  [ ( t)  i s  a random increment t h a t  i s  a r e s u l t  
component changes i n  the r a i n  a t t e n u a t i o n  process. 
(2.8) 
n the components t h a t  con- 
r a t e  o f  change d x l d t .  
o f  one or more random 
he s p e c i f i c a t i o n s  o f  
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equat lon (2.8) s t a t e  t h a t ,  i n  an ensemble o f  observa t ions ,  [ ( t i )  i s  uncorre- 
l a t e d  w i t h  ( ( t 2 )  for a l l  t i ,  t 2  where t i  z t 2 .  Assuming e r g o d i c i t y ,  an 
"ensemble o f  observat ions"  i s  e q u i v a l e n t  to  observa t ions  over  a long ( i d e a l l y ,  
i n f i n i t e )  r a i n i n g  t ime i n t e r v a l .  Hence, what i s  assumed here i s  t h a t  changes 
i n ,  e.g., the  r a i n d r o p  c a n t i n g  angle, e tc . ,  are u n c o r r e l a t e d  ( i n  the  long term 
t i m e  average) w i t h  changes i n ,  e.g., r a i n d r o p  s i z e  d i s t r i b u t i o n ,  e t c .  Thus one 
can w r i t e ,  us ing  equat ion (2.71, 
(2.9) 
where g(x , t )  i s  a d e t e r m i n i s t i c  f u n c t i o n  o f ,  i n  genera l ,  x and t, which must 
remain unspec i f ied  for  now. 
Equat ion (2.9) i s  a spec ia l  case o f  the  more general  s t o c h a s t i c  d i f f e r e n -  
t i a l  equat ion,  known as the Langevin Equat ion,  
(2.10) 
where g(x,t) i s  a l s o  a d e t e r m i n i s t i c  f u n c t i o n .  The f o l l o w l n g  problem 
n a t u r a l l y  a r i s e s :  Given an i n i t i a l  va lue o f  x a t  an i n i t i a l  t ime,  { .e . ,  
x = xo a t  t = to ,  what w i l l  t he  value o f  x be a t  a l a t e r  t ime t? Of 
course, equat ion (2.9) or (2.10) cannot be d i r e c t l y  solved due to  the  occur-  
rence o f  the random f u n c t i o n  The problem can o n l y  be d e a l t  w i t h  prob- 
a b i l i s t i c a l l y .  g iven  
x = xo a t  t = to, what i s  the  p r o b a b i l i t y  t h a t  x = x i  a t  a l a t e r  t ime 
t = t l? This i s  g iven by the  c o n d i t i o n a l  t r a n s i t i o n  p r o b a b i l i t y  d e n s i t y  
p ( x l , t 1 1 x o 9 t 0 ) .  Th is  d e n s i t y  w i l l ,  i n  p a r t ,  be governed by t h e  s t a t i s t i c s  o f  
t h e  random process <(t). I n  appendix A ,  i t  i s  shown t h a t  i f  the  random 
process g iven by equat ion (2.10) i s  a Markov process ( i . e . ,  the  t r a n s i t i o n  from 
xo a t  a t ime to, to  x1 a t  a t ime t l ,  g iven by the d e n s i t y  p ( x l , t 1 ) x o , t O >  
and the  t r a n s i t i o n  from x1 a t  a t ime t i ,  t o  x2 a t  a t ime t 2 ,  g i v e n  by t h e  
d e n s i t y  p ( x 2 , t 2 ( x l  , t i )  are  complete ly  independent from one another and thus 
uncor re la ted) ,  one can o b t a i n  a d i f f e r e n t i a l  equat ion r e l a t i n g  p ( x 9 t ) x 0 , t $  
to  the  d e t e r m i n i s t i c  f u n c t i o n s  appearing i n  equat ion (2.10) .  The d i f f e r e n t i a l  
equat ion,  known as the  d i r e c t  Kolmogorov Equat ion,  i s  g iven  by (See 
appendi x A .  1 
((t) .  






are known as the c o e f f i c i e n t s  of, r e s p e c t i v e l y ,  t r a n s f e r  (or d r i f t )  and d i f -  
f us ion .  The form of equat ions (2.12)  and (2.13) stem from the  f a c t  t h a t  
(AX) = 3 ( A t )  
and 
C 
( ( A X ) 2 )  - 3 ( A t )  
whereas 
( (Ax )n )  - 3((AtIm),  n > 2, m 2 2 
where 
Ax fo+At dx d t  
d t  
t 0  
This i s  the case for the p a r t i c u l a r  s i t u a t i o n  g i ven  by equat ion  (2.9); 
equat ion  (2 .11)  then becomes, where K l ( x , t )  - K l ( x )  = yx and K2(x, t )  I 
K 2 ( x )  = g2(x> i n  equat ion  (2.91,  
(2.14) 
upon comparing equat ions (2.101, (2.121, and (2.13) w i t h  equat ion  (2.9) and 
l e t t i n g  p : p(x , t ( xo , tO) .  
I t  now remains t o  determine the func t i on  K2(x) = g2(x ) .  
l ead ing  t o  equat ion  (2.3) i m p l i e s  t h a t  
The p r e s c r i p t i o n  
(2.15) 
i .e . ,  t he  t r a n s i t i o n  p r o b a b i l i t y  d e n s i t y  becomes a s t a t i o n a r y  f u n c t l o n  of  the  
t ime. Thus, equat ion  (2.14) becomes 
(2.16) 
where pSt i s  g iven  by equat ions (2.3) and (2.4).  I n t e g r a t i n g  Equat ion (2.16) 
. and n o t i n g  t h a t  l i m  pSt = l i m  5 = 0, one has t h a t  
X'", X- a x  
-2yxpst = 1 3- 2 
2 ax  ( g  P s t )  





1nA - lnAm x = lim x(t) = 
i s  the stat 
equation (2 
'1 nA t- 
onary value of x(t> and C = 1/((2~)~/~ UlnA). Substituting 
18) into equation (2.17) and integrating once again gives 
Requiring g2(x) t o  be a bounded function, one has that in the limit as x 4 -, 
the integration constant is C = 0. 
(2.19) 
Hence, one finally has 
g2(x) = g2 = 2y 
which i s  independent of x. 
It i s  important t o  note the source of the result equation (2.19); by 
making use of the a priori information given by equations (2.3) and (2.41, 
i.e., that the solution of equation (2.14) in the stationary state must be 
described by a Gaussian distribution. This circumstance fixes the function 
K ~ ( x )  = g2(X). 
Thus, the forward Kolmogorov equation giving the transition probability 
for the attenuation process with the characteristics given above i s ,  via 
equations (2.14) and (2.191, 
(2.20) 
ax 
and the stochastic differential equation corresponding t o  such a process i s ,  
via equations (2.9) and (2.19), 
(2.21 1 
where the random "driving" function r < t >  has the statistical characterlstlcs 
given by equation (2.8). The form of equation (2.21) i s  convenient for use in 
the synthesis of dynamic control algorithms to counter rain fade events on a 
communications link; this will be the subject of part I11 of this work. The 
remainder of this part will be concerned with the solution of equation (2.20) 
and its application to the temporal aspects of rain attenuation that are of 
interest to the satellite communication systems designer. 
Solution for the Transition Probability 
To solve the linear partial differential equation given by equation (2.20) 
one makes the following substitution for the variable x: 
x = ye+ (2.22) 
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Not ing  t h a t  the t r a n s i t i o n  p r o b a b i l i t y  d e n s i t y  p i s  now a f u n c t i o n  o f  y and 
t and t rans fo rm ing  the x - d e r i v a t i v e s  v i a  the  cha in  r u l e ,  account ing for equa- 
t i o n  (2.221, equat ion  (2.20) becomes 
2 y t  i$J 3 = YP + Ye 
aY2 
(2.23) 
where, as mentioned above, p = p (y , t ) .  Cont inu ing  i n  t h i s  fash ion ,  one now 
employs the  subs t i  t u t l o n  
p = +eYt (2.24) 
i n  equat ion  (2.23). Th is  y i e l d s  the  p a r a b o l i c  d i f f e r e n t i a l  equat ion  
(2.25) 
t h a t  i s  o f  the  same form as t h e  well-known "heat equation' '  w i t h  a t ime depen- 
dent c o n d u c t i v i t y  c o e f f i c i e n t  ye2Yt. Using the  known method o f  s o l u t i o n  t o  
such an equat ion  mod i f ied ,  of  course, for  the t ime dependent c o e f f i c i e n t ,  one 
o b t a i  ns, 
(2.26) 
where 
and the  i n i t i a l  c o n d i t i o n s  used are y = yo a t  t ime t = 0. So lv ing  equa- 
t i o n s  (2.22) and (2.24) for y and +, r e s p e c t i v e l y ,  and s u b s t i t u t i n g  i n t o  
equat ion  (2.26) f i n a l l y  g i ves  fo r  the c o n d i t i o n a l  t r a n s i t i o n  probabi 1 i t y  





d A t )  = 1 - e-2YAt (2.29) 
and 
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, s ince the o r i g i n  o f  t has been s h i f t e d  from 0 (used i n  equat ion ( 2 . 2 7 ) )  to  
t o .  To p u t  t h i s  r e s u l t  i n  t e r m s  o f  the l i n k  a t t e n u a t i o n ,  one s u b s t i t u t e s  
equat ion ( 2 . 6 )  i n t o  equat ion ( 2 . 2 8 )  and, together  w i t h  equat ion (2.29) a f t e r  
rea r rang ing  t e r m s  and normal iz ing,  one has for the c o n d i t i o n a l  t r a n s i t i o n  prob- 
a b i l i t y  d e n s i t y  for  an a t t e n u a t i o n  A a t  t i m e  t, g iven t h a t  the a t t e n u a t i o n  
l e v e l  A0 i s  observed a t  t ime to, 
( 2 . 3 0 )  2 1  p(A,t lAo,tO) = (  2no ],,*(At) y" exp [- 20 2 I n A ( A t )  1 ( l nA( t ) - l nAm(At ) )  
where the t i m e  dependent mean a t t e n u a t i o n  Am(At )  i s  g iven by ~ 
I 
( 2 . 3 1 )  
and the t i m e  dependent standard d e v i a t i o n  o f  1nA i s  g iven by 
I n  equat ions ( 2 . 3 1 )  and ( 2 . 3 2 1 ,  Am and UlnA a re ,  r e s p e c t i v e l y ,  the  s t a t i c  or 
y e a r l y  mean a t t e n u a t i o n  and standard d e v i a t i o n  o f  1nA t h a t  were c a l c u l a t e d  i n  
re ference 1 for  the  2 0  GHz and 30 GHz ACTS l i n k s  i n  59 l o c a t i o n s  i n  the  U.S. 
Note t h a t  as At-, equat ions ( 2 . 3 1 )  and (2.32) g i v e  
l i m  Am(At.1 = Am 
A t -  
i . e . ,  the  s t a t i o n a r y  y e a r l y  values. I n  t h i s  instance,  equat ion ( 2 . 3 0 )  takes 
the  form o f  the  c o n d i t i o n a l  y e a r l y  p r o b a b i l i t y  d e n s i t y  g iven by equat ion ( 2 . 4 1 ,  
i .e., 
l i m  p ( A , t ( A O , t o )  = p(A(RAIN1, A t  3 t - t o  
A t -  
These circumstances are,  of course, by design v i a  the a prior1 requirement o f  
equat ion (2.3) .  
The corresponding cumulat ive c o n d i t i o n a l  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  the 
temporal e v o l u t i o n  of a t t e n u a t i o n  on a communications l i n k  can now be der ived.  
The p r o b a b i l i t y  t h a t  the a t t e n u a t i o n  a ( t )  a t  t i m e  t i s  l e s s  than o r  equal 
to  some a i ven  a t t e n u a t i o n  A ( t )  a t  the same t i m e .  Drovided an a t t e n u a t i o n  
Ao( to )  af. some e a r l  i e r  t 
P ( a ( t )  5 A ( t )  
S u b s t i t u t i n g  equat ion ( 2  
10 
me t o  occurred, i s  g iven'  by 
30)  i n t o  t h i s  expression gives 
. 
where AS i n  re fe rence  1 ( I n  par- 
t i c u l a r ,  equat ions (2.12) and (2.1311, one e a s i l y  eva lua tes  t h i s  i n t e g r a l  t o  
y i e l d  
f ( A )  : (lnA( t ) - l nAm(At ) )2 / (  6 o lnA(A t ) ) .  
Th is  equat ion,  or the complementary one, i . e . ,  
r 
(2.35) 
forms the bas i s  of  what I s  t o  follow concerning the a p p l i c a t i o n s  o f  the  tem- 
p o r a l  r a i n  a t t e n u a t i o n  model t o  s a t e l l i t e  l i n k  e v a l u a t i o n  and design. 
I n  a d d i t i o n  t o  making use o f  the  known q u a n t i t i e s  Am and UlnA, the 
theory  r e q u i r e s  one to  have a va lue  for  the temporal parameter y .  A ques t ion  
t h a t  has n o t  been d e a l t  w i t h  up to  t h i s  p o i n t ,  o t h e r  than the  va lue  o f  y ,  has 
to  do w i t h  whether t h i s  va lue  i s  s p e c i f i c  to  each l o c a t i o n ,  as is Am or UlnA 
(a l though the l o c a t i o n  dependency of y would probab ly  n o t  be as s t r o n g  as 
t h a t  o f  Am or UlnA) or i f  1 t can be taken as a " u n i v e r s a l "  cons tan t .  I n  
what i s  to  fo l low i t  w i l l  be assumed t h a t  y i s  a cons tan t  and, i n  the  course 
o f  the  development o f  the a p p l i c a t i o n s  o f  equat ions ( 2 . 3 4 )  and (2.35) i n  the 
sec t i ons  t o  follow, a va lue  o f  y w i l l  be determined us ing  e m p i r i c a l  fade 
d u r a t i o n  data.  
3. APPLICATIONS OF THE TEMPORAL R A I N  ATTENUATION MODEL 
A t tenua t ion  Dura t ions  and The i r  S t a t i s t i c a l  D e s c r i p t i o n  
The s t a t i o n a r y  s t a t i s t i c a l  d e s c r i p t i o n  o f  a t t e n u a t i o n  on a s a t e l l i t e  l i n k  
has been g iven on a y e a r l y  bas i s  ( r e f .  1 ) ;  for  a s p e c i f i e d  a t t e n u a t i o n  depth, 
say A, dB, one can e a s i l y  determine the  a v a i l a b i l i t y  o f  a p a r t i c u l a r  s a t e l l i t e  
l i n k ,  !.e, how many minutes per year one can expect t o  f i n d  A, dB exceeded i n  
a 1-yr pe r iod .  This  t o t a l  p e r i o d  i s  t he  sum o f  a l l  the i n d i v i d u a l  t ime i n t e r -  
v a l s  o f  r a i n  events t h a t  occurred throughout a year where A, dB was exceeded. 
However, several  s a t e l l i t e  system design problems r e q u i r e  one n o t  o n l y  t o  know 
the expected y e a r l y  fade d u r a t i o n  beyond a s p e c i f i e d  a t t e n u a t i o n ,  b u t  a l s o  the 
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fade d u r a t i o n  associated w i t h  the  i n d i v i d u a l  r a i n  event beyond the  s p e c i f i e d  
a t tenuat ion ,  the t o t a l  of which make up the y e a r l y  f i g u r e .  P a r t  o f  t h e  solu- 
t i o n  o f  t h i s  problem r e q u i r e s  a dynamic s t a t i s t i c a l  d e s c r i p t i o n  o f  which the  
model o f  sec t ion  2 o f  the  present  work i s  amenable. 
The problem d e f i n e d  above i s  one o f  the  well-known p r o b a b i l i t y  d i s t r i b u -  
t i o n  of fades and surges. 
above or below a g iven l e v e l  a re  c a l l e d ,  r e s p e c t i v e l y ,  surges and fades o f  the 
process. However, because of t h e  terminology associated w i t h  the  concept of 
a t tenuat ion ,  the s i t u a i t o n  i s  reversed; an a t t e n u a t i o n  fade i s  an increase i n  
the  a t tenuat ion ,  i .e . ,  a fade i n  the s i g n a l .  Thus, i n  what fo l lows,  at tenua- 
t i o n  fades are taken t o  be increases (decreases) i n  a t t e n u a t i o n  above (below) 
a g iven th resho ld .  
I n  most problems, excurs ions o f  a random process 
I t  i s  t h e r e f o r e  o f  i n t e r e s t  here t o  consider  a g iven t ime d u r a t i o n  TF of 
a fade and determine i t s  p r o b a b i l i t y  d i s t r i b u t i o n .  The mathematical d i f f i c u l -  
t i e s  o f  t h i s  problem a r e  a l s o  well-known ( r e f .  5) and the  exac t  d i s t r i b u t i o n  
o f  a g iven fade TF i s  unknown for a l l  random processes, no mat te r  what t h e i r  
s t a t i s t i c a l  forms are.  However, for a log-normal s i t u a t i o n  such as t h a t  o f  
a t tenuat ion ,  an approximate s o l u t i o n  can be obta ined.  A s  i s  shown i n  
appendix 6, the  p r o b a b i l i t y  PA,(tF > TF)  of a fade d u r a t i o n  t F  be ing  l a r g e r  
than a g iven va lue TF above an a t t e n u a t i o n  t h r e s h o l d  A, i s  g iven by 
r r 1 
where 
lnA, - lnAm 
'1 nA 0 
( 3 . 2 )  
and P(a > A,) i s  the  cumulat ive p r o b a b i l i t y  of the  t h r e s h o l d  a t t e n u a t i o n  A, 
be ing exceeded and i s  g iven  by equat ions ( 2 . 2 4 )  and ( 2 . 2 5 )  o f  re fe rence 1 ,  
i .e. , 
where, as i n  ( r e f .  11, Po(L,O) i s  the p r o b a b i l i t y  t h a t  an a t t e n u a t i o n  event  
occurs on a s a t e l l i t e  communications l i n k  of l e n g t h  L and e l e v a t i o n  angle 8 .  
Jus t  as P(a > A,) i s  dependent on the  l o c a t i o n  o f  i n t e r e s t  i n  the  U . S . ,  
so are the dynamics o f  a t t e n u a t i o n  as shown by equat ion ( 3 . 2 ) .  Each l o c a t i o n  
i s  charac ter ized  by a f u n c t i o n  F ( X o )  by the mean and standard d e v i a t i o n ,  Am 
and OlnA. However, as mentioned a t  the end o f  the  l a s t  sec t ion ,  the  temporal 
parameter y i s  assumed t o  be a constant ,  independent o f  l o c a t i o n .  Before 
the r e s u l t s  o f  equat ions ( 3 . 1 )  and ( 3 . 2 )  can be a p p l i e d ,  o r  any o f  the o t h e r  
r e s u l t s  t h a t  are yet  to  follow, one needs an e m p i r i c a l  value for y .  Equa- 
t i o n s  ( 3 . 1 )  and ( 3 . 2 1 ,  I n  a d d i t i o n  t o  some exper imental  da ta  on r a i n  at tenua- 
t i o n  fades, can be used t o  f i n d  a working va lue f o r  y.  This de terminat ion  
w i l l  now be made. 
. 
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A Determinat ion  o f  y From the Foregoing Using Experimental Data 
Recent exper imental  data ( r e f .  6) on r a i n  fade du ra t i ons  a t  f requenc ies  o f  
19 and 28 GHz recorded a t  Clarksburg,  Maryland can be used w i t h  equat ions (3.1) 
and (3.2) to o b t a i n  a va lue  for  y. Tables I and I1 d i s p l a y  the  r e s u l t s  t h a t  
were ob ta ined from J u l y  1976 t o  August 1977 on a s a t e l l i t e  l i n k  o f  21" eleva- 
t i o n .  The fade du ra t i ons  shown a re  cumulat ive du ra t i ons ,  i . e . ,  a d u r a t i o n  
shown by >3 min are those t h a t  are l a r g e r  than 3 min and i n c l u d e  those events 
t h a t  c o n t r i b u t e  t o  the d u r a t i o n  shown by >10 mln, i . e . ,  du ra t i ons  l a r g e r  than 
10 min. Each cumulat ive fade d u r a t i o n  i s  measured for  s i x  a t t e n u a t i o n  thresh- 
o l d s :  3, 6, 10, 15, 20, and 25 dB. Each d u r a t i o n  a t  each th resho ld  i s  char- 
a c t e r i z e d  by the f r a c t i o n  of t o t a l  f a d i n g  t ime, i .e . ,  t he  f r a c t i o n  o f  the  t o t a  
t ime t h a t  i t  r a i n s ;  t h i s  t ime f r a c t i o n  I s  p r e c i s e l y  g iven  by 
(3.4 
us ing  equat ion  (3.1). where TF - 3 ,  10, 30, and 60 min and A, = 3, 6, 10, 15, 
20, and 25 dB. One can f a c t o r  o u t  the P(a > A,) from equat ion  (3.4) by t a k i n g  
the  r a t i o  o f  equat ion  (3.4) a t  d i f f e r e n t  t imes TF b u t  a t  the same a t t e n u a t i o n  
A0  9 
So l v ing  t h i s  equat ion  for  y y i e l d s  
(3.5) 
(3.6) 
Since the theory  does n o t  assume a dependence o f  y on frequency and 
l e v e l  o f  a t t e n u a t l o n  th resho ld  A, the r e s u l t s  o f  t h e  use o f  equat ion  (3 .6 )  
should be Independent of these q u a n t i t i e s .  
ence o f  the  r a t i o  o f  p r o b a b i l i t i e s  PA,(tF > TFl/PA,(tF > TF) i s  "deconvolved" 
from equat ion  (3.6) by the f a c t o r  F(X,) which i t s e l f  i s  a f u n c t i o n  o f  A,. 
de termin ing  the q u a n t i t i e s  Am and UlnA t h a t  e n t e r  I n t o  the expression f o r  
F(X,) i n  equat ion (3.2) f o r  Clarksburg,  Maryland and for  a s a t e l l i t e  l i n k  w i t h  
0 - 21" a t  the two frequencies 19 and 28 GHz. 
(as c a l c u l a t e d  I n  r e f .  1,  pg. 151) and employing the theory  developed i n  
re fe rence  1 ( i n  p a r t i c u l a r ,  f o l l o w i n g  the f low c h a r t  o f  f i g u r e  5.1 o f  r e f .  1 )  
g i ven  t h a t  0 21". one f i n d s  for  t h i s  case, 
To be sure, the a t t e n u a t i o n  depend- 
App ly ing  equat ion (3.6) t o  the  da ta  I n  t a b l e s  I and I1 commences w i t h  
Using the Ba l t imore  r a i n  da ta  
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28 GHz: 
Am = 3.822 dB 
UlnA = 1.151 
Then u s i n g  equat ion (3.6) for a l l  poss 
each o f  t h e  s i x  fade th resho lds  i n  t a b l e s  I 
b l e  combinations o f  T F ~  - T F ~  f o r  
and I1 g i v e  
y = 5.75~10-2 min-1*2.14x10-2 min-1 
for the 19 GHz data  and 
y - 5.15~10-2 min-1*2.25x10-2 min-1 
f o r  the 28 GHz data  and an o v e r a l l  average o f  
y = 5.39~10-2 min-1*2.22x10-2 min-1 
Th is  l a s t  va lue w i l l  be adopted f o r  y i n  the  remainder o f  t h i s  work; i t  cor-  
responds to a c h a r a c t e r i s t i c  t ime o f  l / y  = 18.6 min. 
O f  course, a more v a l i d  de terminat ion  o f  y as w e l l  as a check on t h e  
p r e v a i l i n g  assumptions ( i . e . ,  i s  u n i v e r s a l  constancy, independent o f  l o c a t i o n  
or any o f  t h e  geometr ica l  q u a n t i t i e s  o f  the  s a t e l l i t e  communications l i n k )  
should be made by way o f  s u i t a b l e  propagat ion experiments. One such exper t -  
ment, as s p e c i f l e d  by t h e  theory  developed i n  s e c t i o n  2 o f  t h e  present  work, 
I s  descr ibed i n  appendix C. 
Fade D u r a t i o n  S t a t i s t i c s  for  Selected C i t i e s  i n  t h e  U.S. 
I n c l u d i n g  Alaska and Hawaii 
Equat ion (3.1) i s  now a p p l i e d  t o  59 c i t i e s  i n  the  U n i t e d  Sta tes ,  i n c l u d i n g  
Alaska and Hawai i ,  t h a t  have l i n k s  es tab l i shed w i t h  ACTS, which i s  assumed t o  
be loca ted  a t  a l o n g i t u d e  o f  100" W i n  geosynchronous o r b i t .  The f requencies 
o f  i n t e r e s t  a re  20 GHz (downl ink)  and 30 GHz ( u p l i n k ) .  The r e q u i r e d  at tenua- 
t i o n  s t a t i s t i c s  f o r  each of t h e  c i t i e s  have a l ready  been c a l c u l a t e d  i n  r e f e r -  
ence 1, pp. 62 - 120; thus,  to  use equat ion (3.1) one needs two sets  o f  values 
Am and UlnA (one se t  f o r  each frequency) for each c i t y ,  and, as r e q u i r e d  by 
equat ion (3.31, one a l s o  needs P(L,8). 
t i o n  (3.1) i s  evaluated for t ime d u r a t i o n s  TF rang ing  from l t o  100 min. The 
ou tpu ts ,  shown i n  t h e  da ta  t a b l e s  conta ined i n  appendix D, are conver ted to  
minutes per  year  r a t h e r  than s t a t e d  i n  t e r m s  o f  percentage o f  a year .  This i s  
done us ing  t h e  f a c t  t h a t  t h e r e  are  525960 min i n  an "average" year  which i s  
taken t o  be 365.25 days. 
Using these t a b u l a t e d  values, equa- 
For example, cons ider  t h e  da ta  o u t p u t  f o r  the Cleveland, Ohio ACTS t e r -  
m ina l .  
p. 104 o f  re fe rence 1, one f i n d s  t h a t  Po(L.8) Z PL = 2.097 percent ,  Am 
(30 GHz) = 1.037. Using t h i s  da ta  I n  equat ions (3.1)  t o  (3.3) for  the  var ious  
values o f  fade d u r a t i o n  t ime TF shown, the  t o t a l  number o f  minutes per  year 
a re  d isp layed t h a t  represents  t h e  t o t a l  number o f  minutes t h a t  a l l  t h e  fades 
o f  d u r a t i o n  equal t o  or g r e a t e r  than TF w i l l  l a s t ,  for the four  a t t e n u a t i o n  
thresholds shown. Thus, for  a fade d u r a t i o n  o f  0 min ( i . e . ,  TF > 0 min) ,  one 
From t h e  s t a t i c  r a i n  s t a t i s t i c s  c a l c u l a t e d  fo r  t h i s  s i t e  t h a t  appear on 
(20 GHZ) = 1.319 dB, UlnA (20 GHZ) = 1.097, Am (30 GHZ) = 2.869 dB, and UlnA 
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f i n d s  t h a t  the 3 dB fade th resho ld  i s  crossed for  a t o t a l  o f  2502.6 m in /y r  a t  
20 GHz and a t o t a l  of  5325.3 m in /y r  a t  30 GHz. O f  course, by d e f i n i t i o n  o f  
TF 2 0, t h i s  data represents  the  t o t a l  f a d i n g  t ime f o r  any fade d u r a t i o n  a t  
these thresholds.  I n  o t h e r  words, for a t o t a l  number o f  2502.6 min, a r a i n  
fade o f  any d u r a t i o n  w i l l  be observed a t  20 GHz. 
( i . e . ,  TF 2 5 min) one f i n d s  t h a t  the  t o t a l  o f  r a i n i n g  per iods  f o r  t h a t  w i l l  
exceed 3 dB a t  20 GHz for 5 min or more i s  2169.6 m i n l y r ;  a t  30 GHz, i t  i s  
4873 min. Consider now a fade d u r a t i o n  o f  40 min ( i . e . ,  TF 2 40 min) .  A t  20 
GHz a t  the  3 dB th resho ld ,  these events w i l l  subtend a t o t a l  o f  798.5 m i n l y r .  
However, a t  the  15 dB th resho ld ,  these events w i l l  o n l y  occur f o r  a t o t a l  o f  
16.2 min. Thus, a t  the  15 dB l e v e l ,  a fade event o f  TF 1. 40 min never occurs;  
the t o t a l  number o f  minutes per  year  t h a t  15 dB i s  exceeded on the 20 GHz l i n k  
i n  Cleveland i s  o n l y  16.2 min. 
For a fade d u r a t i o n  o f  5 min, 
From the fade da ta  c a l c u l a t e d  for each c i t y ,  one may a l s o  o b t a i n  the per-  
centage o f  t o t a l  fade t i m e  t h a t  a fade occurs;  such in fo rma t ion  may be the 
des i red  format  for a systems designer  t o  work w i t h  and i s  independent o f  the 
absolute p r o b a b i l i t y  of  a t t e n u a t i o n  occurrence, i . e . ,  P(a 2 A,). 
f a c t  makes the percentage of t o t a l  fade t ime a s t a t i s t i c  t h a t  i s  s o l e l y  depend- 
e n t  on the temporal aspects of  r a i n  a t t e n u a t i o n  a t  the  l o c a t i o n  o f  i n t e r e s t  
s ince  i t  i s  devoid of  the  s t a t i c  s t a t i s t i c  represented by the  p r o b a b i l i t y  o f  
a t tenua t ion .  These f i g u r e s  can e a s i l y  be ob ta ined from the  da ta  d isp layed by 
n o t i n g  t h a t  the t o t a l  f a d i n g  t i m e  c a l c u l a t e d  for  each fade depth t h a t  corres-  
ponds t o  a fade d u r a t i o n  o f  0 min or grea te r ,  i . e . ,  tp 2 0, i s  no th ing  more 
than the to ta l  f a d i n g  t i m e  t h a t  any fade event w i l l  occur .  
e a r l i e r ,  f a d i n g  t imes corresponding t o  fade du ra t i ons  l a r g e r  than 0 min fade 
d u r a t i o n  are f r a c t i o n s  o f  the  f a d i n g  t i m e  a t  0 min fade du ra t i on .  
r e t u r n i n g  t o  the example for Cleveland, Ohio, the  t o t a l  f a d i n g  t i m e  a t  the  
3 dB fade depth for  0 min fade d u r a t i o n  i s  2502.6 min. 
3 min, t o t a l  f a d i n g  t i m e  i s  2297.1 min. Thus, the  percentage o f  t o t a l  f a d i n g  
t i m e  a t  the 3 dB fade depth wi th  a d u r a t i o n  o f  3 min i s  2297.1/2502.6 = 
91.79 percent .  
Th is  l a t t e r  
A s  mentioned 
Thus, 
For a fade d u r a t i o n  o f  
Fade Countermeasure Con t ro l  Delays, A t tenua t ion  Thresholds and 
C o n t r o l l e r  Avai l a b i  1 1  t y  
The methods o f  FEC and power c o n t r o l  are two methods o f  adapt ive  power 
c o n t r o l  t h a t  can be used as a countermeasure aga ins t  r a i n  fade on a communica- 
t i o n s  l i n k .  The j u d i c i o u s  use o f  these schemes i s  reau i red :  one must n o t  
app ly  these countermeasures 
c e r t a i n l y  must be i n  e f f e c t  
cases, a th resho ld  va lue of 
c o n t r o l  must be implemented 
t i m e  the  th resho ld  va lue i s  
i n t o  e f f e c t  t o o  e a r l y  so as 
I t  i s  t h e r e f o r e  des i reab le  
c u r r e n t l y  observed a t tenua t  
i n t e r v a l  i s  t h a t  one can wa 
d u r i n g  t imes t h a t  they are  no t  needed b u t  they 
when the  p r e v a i l i n g  cond i t i ons  d i c t a t e .  I n  a l l  
r a i n  a t t e n u a t i o n  i s  g iven  a t  which the p a r t i c u l a r  
Thus, one can implement c o n t r o l  a t  or be fore  the 
reached. However, the c o n t r o l  should n o t  be p u t  
n o t  to  waste the a p p r o p r i a t e l y  a l l o c a t e d  resources. 
t o  know, g iven a th resho ld  a t t e n u a t i o n  Ath and a 
on A0 where A0 < Ath, what the maximum t i m e  
t to implement c o n t r o l  be fore  the value Ath i s  
a t t a i n e d .  
r a i n  a t t e n u a t i o n  model w i l l  now be g iven.  
The c a l c u l a t i o n  of t h i s  " t o l e r a b l e "  c o n t r o l  de lay from the dynamic 
L e t  an a t t e n u a t i o n  A0 be observed a t  a t i m e  t o  and consider  the  d i f -  
ference AA = A th  - A0 > 0 between t h i s  observed va lue and a g iven th resho ld  
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value Ath. 
time to + At will exceed Ath =A0 + AA given that the attenuation A 0  occurs 
at to i s  
Using equation (2.351, the probability that the attenuation at a 
(3.7) 
ln(Ao + AA) - lnAm(At) 
P(a(tO + At) 2 Ao+ AAIAO(tO)) - 
VU1 ,A(At) 
Thus given Ao(t0) and AA, equation (3.7) gives the probability that the 
attenuation A 0  + AA = Ath will be exceeded in a time interval At. There- 
fore, if one decides and implements control within a At time interval when 
the observed attenuation i s  A 0  dB, the control system will act and counter 
the attenuation of Ath dB with a probability P = P(a(t0 + At) 2 A 0  + 
AAIAO(t0)). In this way, the quantity P can be interpreted as the avail- 
ability of the control system, !.e., the probability that the control covers 
the fade threshold. Hence, i n  addition to the values A 0  and Ath, if one 
specifies the probability P, the problem given by equation (3.7) can formally 
be solved for At, i .e., the time-to-threshold interval. 
I 
Equation (3.7) can analytically be solved for At using an approximation 
as follows. Solving equation (3.7) for the quantity AA gives 
AA = expC 2olnA(At) erfc-l(2P) + lnAm(At)l - A0 ( 3 . 8 )  
where erfc-l(. . . I  i s  the inverse complementary error function. 
the values of Am(At) and UlnA(At) given, respectively, by equations (2.31 1 
and (2.32) and using the condition At < <  y-l satisfied by the range of values 
of At that are of Interest, one obtains 
Substituting 
AA = - 1 1  (3.9) 
I 
I This relation can be solved for At and yields for the time to threshold 
interval 
(3.10) 
exDliCitlv in terms of the threshold attenuation AA/Ao + 1 = (Ath - Ao)Ao t 




It is interesting to note that 
ent of the mean attenuation for 
of the other static attenuation 
can be wri tten 
(3.11) 
n this approximation, the result i s  independ- 
the location but is a rather strong function 
parameter, UlnA. 
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R i n  A t t e n u a t i o n  F de Cont ro l  Delays for Selected C i t i e s  i n  t h e  U.S .  
I n c l u d i n g  Alaska and Hawai i 
Equat ion (3.10) i s  a p p l i e d  t o  t h e  59 c i t i e s  considered i n  s e c t i o n  3(c) .  
H e r e ,  o n l y  the  parameter UlnA 
t h e  case o f  fade c o n t r o l  on t h e  20 GHz downl ink,  a t h r e s h o l d  o f  A th  = 3 dB i s  
considered for f o u r  c o n t r o l  ava i  1 ab i  1 i t i  e s  P = 99.999, 99.99, 99.9, and 
99 percent .  A0 of  0.5 to  2.5 dB are  considered i n  i n t e r -  
v a l s  o f  AA = 0.5 dB. For t h e  30 GHz u p l i n k ,  a t h r e s h o l d  A th  = 5 dB i s  con- 
s idered  where a t t e n u a t i o n  va lues A0 o f  1.0 t o  4.0 dB a r e  used w i t h  an i n t e r v a l  
o f  AA = 1.0 dB. The r e s u l t s  for  each c i t y  fo l low those o f  s e c t i o n  3(c)  i n  t h e  
t a b l e s  t h a t  appear i n  appendix D. Thus, i n  the  case o f  a t e r m i n a l  l o c a t e d  i n  
Cleveland, Ohio, one has t h a t  i f  an a t t e n u a t i o n  of 1 . 5  dB i s  observed on t h e  
20 GHz downlink, and i f  a c o n t r o l  a v a i l a b i l i t y  o f  99.999 percent  i s  d e s i r e d  
( i . e . ,  99.999 percent  o f  t h e  t ime t h e  c o n t r o l  system i s  i n  f a c t  needed, i t  w i l l  
cover the  3 dB t h r e s h o l d  99.999 percent  o f  the  t ime) ,  one has 12.2 sec t o  make 
a d e c i s i o n  to  implement c o n t r o l  i f  the  a t t e n u a t i o n  l e v e l  w i l l  i n  f a c t  keep 
increas ing ;  i t  may drop down t o  1.0 dB thus a l l o w i n g  one a 30.6 sec delay.  
However, i f  the  a t t e n u a t i o n  keeps i n c r e a s i n g  t o  2.0 dB, the  maximum a l lowab le  
de lay decreases to  4.2 sec. I f ,  however, one can implement c o n t r o l  i n  a t ime 
l e s s  than 0.8 sec, then one can w a i t  u n t i l  an a t t e n u a t i o n  l e v e l  o f  2.5 dB i s  
reached. Note t h a t  due t o  t h e  independence o f  t h e  r e s u l t s  on t h e  mean at tenu-  
a t i o n  and the  s i m i l a r  values i n  UlnA for  20 and 30 GHz, the  t ime t o  thresh-  
o l d  delays,  u n l i k e  t h e  a t t e n u a t i o n  and fade s t a t i s t i c s ,  a re  about t h e  same a t  
30 GHz as a t  20 GHz. I n  f a c t ,  the  v a r i a b i l i t y  of UlnA from c i t y  t o  c i t y  as 
w e l l  as from 20 to 30 GHz does n o t  compare to  t h a t  o f  r e s u l t s  t h a t  depend on 
Am, which i t s e l f  g r e a t l y  v a r i e s .  
" u n i v e r s a l "  s e t  o f  c o n t r o l  de lay  parameters. 
i s  needed f o r  each l i n k  a t  20 and 30 GHz. I n  
A t t e n u a t i o n  values 




LANGEVIN-TYPE EQUATIONS AND T H E I R  RELATIONSHIP 
TO THE FORWARD KOLMOGOROV EQUATION 
Le t  x ( t )  be a random f u n c t i o n  of t i m e  t whose t ime d e r i v a t i v e  (which, 
w i thout  f u r t h e r  j u s t i f i c a t i o n ,  i s  assumed to  e x i s t )  I s  determined by two 
d e t e r m i n i s t i c  ( i . e . ,  nonrandom) f u n c t i o n s  y d x , t )  and g(x , t )  and a random 
f u n c t i o n  S ( t )  such t h a t  
Equation (A.1) i s  a s tochas t i c  d l f f e r e n t i a l  equat ion  o f  the Langevin type. 
s t a t i s t i c s  o f  the random process S < t >  a re  such t h a t  
The 
(A.2) 
These r e l a t i o n s h i p s  de f i ne  the  process <<t> to be a "wh i te  no ise"  process. 
A description o f  the temporal " e v o l u t i o n "  of x ( t )  as t increases must 
necessa r i l y  be done v i a  a s t a t i s t i c a l  approach due t o  the  random f u n c t i o n  <(t) 
opera t i ng  i n  equat ion ( A . 1 ) .  Thus, the  fo l l ow ing  problem can be formulated:  
Given t h a t  x ( t )  has the value x o  a t  t i m e  to, what i s  the p r o b a b i l i t y  
(governed by the s t a t i s t i c s  o f  [(t)) t h a t  x ( t )  has the va lue x ,  a t  a l a t e r  
t i m e  t ? Le t  p (x l , t 1 / xO, to )  be the c o n d i t i o n a l  p r o b a b i l i t y  d e n s i t y  such t h a t  
p(x l , t11xO,tO)dxl  g ives the p r o b a b i l i t y  t h a t ,  g lven  xo a t  t ime to, one 
f inds  x i n  the range [ x l , x l + d x l l  a t  a l a t e r  t ime t i . Now a l l  the  informa- 
t i o n  t h a t  can be gleaned from what i s  known about the random process 
i . e . ,  equat ion (A.11, I s  how x ( t )  changes over a t i m e  i n t e r v a l  A t  where 
x ( t ) ,  
n t + A t  n t + A t  
b L 
Thus, i t  i s  suggested t h a t  i n  o rde r  t o  e x t r a c t  i n fo rma t ion  as to how 
p(xl , t11xO,to) behaves o r  what form I t  takes, one should r e l a t e  p ( x 1 , t l J x  , to)  
dens i t y  f o r  the occurrence o f  x ( t )  = x 2  a t  t = t i  + A t  g iven  t h a t  x ( t )  = 
x 1  + dx l  a t  t = t l ,  which i s  g iven by the p r o b a b i l i t y  p ( x 1 , t l l x  , tO)dxl  on 
c o n d i t i o n a l  p r o b a b i l i t i e s  i s  t h a t  the t r a n s i t i o n  from xo to x 1  a t  t ime t l  
and the t r a n s i t i o n  f rom x i  t o  x 2  a t  t i m e  t i  + A t  are independent, i . e . ,  
uncor re la ted .  Such a s i t u a t i o n  def ines a cont inuous Markov process. Summing 
over a l l  poss ib le  values o f  x i  g ives 
a t  a t i m e  t i  to  p(x2,tl+At~x~,tl)p(xl,t~~xo,to)dxl; t h i s  i s  the  probabi  P i t y  
the  c o n d i t i o n  t h a t  x ( t )  = xo a t  t = t o .  I m p l i c i t  i n  forming t h  ? s product  of 
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for the  c o n d i t i o n a l  p r o b a b i l i t y  dens i t y  t h a t ,  g iven  the f a c t  t h a t  
a t  t = to ,  one has x ( t )  = x2 a t  t = t i  t A t .  Th is  r e l a t i o n s h i p  i s  known as 
the Chapman-Kolmogorov Equation. 
x ( t >  = xo  
I t  I s  now des i red  to  connect the r e l a t i o n s h i p  e x h i b i t e d  by equat ion(A.4) 
w i t h  t h a t  o f  equat ion (A.1) .  One the re fo re  wants an express ion g i v i n g  the  t i m e  
d e r i v a t i v e  of  the  c o n d i t i o n a l  p r o b a b i l i t y  d e n s i t y  p(x1 ,ti I x O , t o )  i n  terms o f  
the  d e t e r m i n i s t i c  f u n c t i o n s  + ( x , t )  and g(x , t )  o f  equat ion ( A . 1 ) .  To t h i s  
end, cons ider  the i n t e g r a l  
where R ( x 1 )  i s  an a r b i t r a r y  f u n c t i o n  which goes t o  zero f o r  x i  + s u f f i -  
c i e n t l y  f a s t .  Replacing i n  equat ion (A.5) the d e r i v a t i v e  ap(x1 ,tl I x O , t O > / a t l  
by the  l i m i t  o f  the  d e r i v a t i v e  quo t ien t ,  i . e . ,  
W r i t i n g  equat ion  (A.4) for  x i  = x 2 ,  
and s u b s t i t u t i n g  equat ion ( A . 7 )  i n t o  equat ion (A.6) g ives  
(A.8) 
S u b s t i t u t i n g  equat ion (A.8) i n t o  equat ion (A .5 )  g ives  
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I 
p (X i  9 ti I X o 9  t o ) R ( X i  )dX i  ( A . 9 )  
Expanding the  a r b i t r a r y  f u n c t i o n  R(xl)  i n  a Tay lor  se r ies  about x i .  1.e.. 
and i n s e r t i n g  i n t o  equat ion ( A . 9 )  y i e l d s  
. 
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D e f i n i n g  the c o n d i t i o n a l  mean and var iance,  r e s p e c t i v e l y ,  as 
, 
and l e t t i n g  
k ( x '  t + A t )  l i m  1 1 '  1 
A t  K ( x ' , t  1 = At+O 1 1 1  
k ( x '  t + A t )  
A t  
l i m  2 1 '  1 K 2 1 1  ( x ' , t  1 - At+o 
(A. 12a) 
(A. 11 b) 
(A. 12b) 
e x i s t  ( i m p l i c i t l y ,  assuming t h a t  k n ( X l l , t l )  = 3 ( A t 2 )  * 0 for  n = 3,4 ... 1, 
equat ion (A.10) becomes 
I n t e g r a t i n g  the  f l rst i n t e g r a l  by p a r t s  y i e l d s  
. where the "sur face"  t e r m  g ives  a zero c o n t r i b u t i o n  due to  the  assumptions made 
about R ( X i ) .  S i m i l a r l y ,  i n t e g r a t i n g  the  second i n t e g r a l  by p a r t s  tw ice  g ives 
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Therefore,  equat ion  (A.13) becomes, upon us ing  equat ions (A.14) and (A.151, 
+lJ R ( x ' )  a' [K ( x ' , t  ) p ( x ' , t  I x  ,t ) l d x '  (A. 16) 
2 1 a x i 2  2 1 1 1 1 0 0  1 
-OD 
Remembering the o r i g i n a l  equat ion,  equat ion  (A.51, one has 
Since the  f u n c t i o n  
t i o n  (A.17)  i s  a r b i t r a r y ,  o t h e r  than s a t i s f y i n g  the r e q u i r e d  covergence condi- 
t i o n s  a t  iw, the o t h e r  f a c t o r  appearing i n  the i n teg rand  must be i d e n t i c a l l y  
zero, i . e . ,  
R ( X i )  appear ing as a f a c t o r  I n  the i n teg rand  o f  equa- 
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- - -  a2 CK ( x ' , t  ) p ( x ' , t  I x  ,t ) I  = 0 (A. 18) 
2 a x 2  2 1 1 1 1 0 0  
This  i s  t he  Forward Kolmogorov Equation, a l s o  known as the  Fokker-Plank Equa- 
t ion.  
tl 
K1 and K2 w i t h  A t ,  g iven  by equat ions ( A . l l b )  and (A.12b). 
i n g  s t o c h a s t i c  d i f f e r e n t i a l  equat ion,  equat ion  ( A . 1 ) .  From equat ions ( A . l l a )  
and ( A . l l b > ,  one has t h a t  
I t  s p e c i f i e s  the  temporal dependence of p(x'l,tllxO,tO) as a f u n c t i o n  of 
i n  terms o f  the l i m i t  o f  the q u o t i e n t  of the c o n d i t i o n a l  mean and var iance 
The q u a n t i t i e s  K1 and K2 must now be r e l a t e d  w i t h  those o f  the  govern- 
(A. 19) 
where (Ax )  i s  the average change of x i n  the  t ime i n t e r v a l  from tl t o  
t, + A t ,  i .e . ,  Ax  = x1 - X i .  From equat ions (A.3) and (A.21, 
n t l + A t  n t l + A t  
s ince q(x,t> and g ( x , t )  are d e t e r m i n i s t i c  and ( c ( t ) )  = 0. For small  A t ,  
one has 
and equat ion  (A.19) becomes 
From equat ions (A. 12a) and (A .  12b), one has 
( A .  20) 
(A.21) 
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2 where ( ( A x )  ) i s  the var iance of  x i n  a t i m e  i n t e r v a l  A t .  Again, from 
equations (A .3 )  and (A.21, 
tl + A t  t +At 
 AX)^) I J q ( x i , t ) d t  + J 
tl 
which i s  a l s o  der ived  by n o t i n g  the de te rm inac l t y  o f  q and g and us ing  the 
s t a t i s t i c s ,  (<(t>) = 0 and ( < ( t l ) e ( t 2 ) )  = 6 ( t l - t 2 ) .  Again, l e t t i n g  A t  be 
smal l ,  one has t h a t  
Using equat ion (A.211, one has 
Rewr i t l ng  equat ion ( A . 1 )  i n  t e r m s  o f  the r e s u l t s  o f  equat ions (A.20) and 
(A.221, one can summarize the  r e s u l t s  of  t h i s  appendix as f o l l o w s :  
s tochas t i c  process governed by the  d i f f e r e n t i a l  equat ion 
g iven the 
(A.23) - dx = K l ( x , t )  + ( K 2 ( x , t ) ) 1 ' 2  <(t) d t  
w l t h  the s t a t i s t i c s  o f  <(t> given by equat ion  (A.21, and t a k i n g  t h i s  process 
to be a Markov process g iven by the c o n d i t i o n a l  p r o b a b i l i t y  d e n s i t y  
p (x , t l xo , tO>,  one has t h a t  t h i s  p r o b a b i l i t y  dens i t y  must s a t i s f y  the Fokker- 
Plank Equat ion 
- - -  aL [K2 (x , t )p (x , t ( xo , t0 )3  = 0 (A .  24) 2 a x  
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APPENDIX B 
DERIVATION OF ATTENUATION FADE STATIST ICS 
Fo l low ing  re fe rence 7, a d e r i v a t i o n  l ead ing  to equat ions (3.1) and (3.2) 
w i l l  be g iven.  L e t  y ( t )  be a s t a t i o n a r y  random process and l e t  t y  be the  
t i m e  (as measured from an a r b i t r a r y  o r i g i n )  t h a t  the magnitude o f  y exceeds 
the  l e v e l  Y, 1.e.. y ( t y )  > Y.  One can d e f i n e  the f o l l o w i n g  problem: g iven 
t h a t  y ( ty)  > Y, what i s  t he  c o n d i t i o n a l  p r o b a b i l i t y  t h a t  y ( t )  > Y for  the  
t i m e s  t y  < t < t y  + t? L e t  t h i s  c o n d i t i o n a l  p r o b a b i l i t y  be g iven by 
P(y(ty + t) > Yly<ty) > Y) .  
t i n t o  n such i n t e r v a l s  such t h a t  
I t  w i l l  be expediant  to  d i v i d e  the  t i m e  i n t e r n a l  
t = nAt (6.1) 
One can approx imate ly  w r i  t e  the  probabi  1 i t y  o f  the  s i n g l e  event t h a t  
y ( t )  > Y for t y  < t < t y  + t as a j o i n t  p r o b a b i l i t y  t h a t  the  n events 
y n ( t )  > Y occur ,  each for one o f  the  sub in te rva l s  A t ,  1.e.. Yn( t )  > Y for  
t such t h a t  t = t y  + nAt. Thus, one has 
P(y(ty + T) 2 Yly(ty) 2 Y) 
I P(y(ty + A t )  2. Y,y(ty + 2A.e) 2 Y,y(ty + n A d  2 Yly(ty) 2 Y)  (6.2) 
Using the  n o t a t i o n  y ( t y  + i A t )  : y i ,  and employing the  theorem ( r e f .  8)  o f  
j o i n t  p r o b a b i l i t y ,  equat ion (6.2) can be w r i t t e n  as 
P(y(ty + t) 2 Yly(ty) Y )  P(y1 2 Y,y22Y,...yn 2 Y ( Y O  2 Y )  
Equat ion (6.3) becomes an e q u a l i t y  i n  the  l i m i t  n- where, necessa r i l y ,  AT+O, 
i .e., 
(At-) 
Since the  values o f  y i ,  1 = 0, ... n are  taken to  exceed the  l e v e l  Y 
d u r i n g  the  t i m e  i n t e r v a l  r, then the p o i n t  a t  which t h i s  l e v e l  Y i s  crossed 
where y i ( t1)  < Y w i l l  occur  a t  some t i m e  t l  2 t y  + t. Therefore,  the  prob- 
a b i l i t y  P (y ( t y  + t 2 Y l y ( t y )  2 Y )  can be taken to  be t h a t  o f  the  t ime i n t e r v a l  
t t h a t  the random process y remains above some f i x e d  l e v e l  Y. Thus, l e t -  
t i n g  Py(t 2. t l y  > Y) denote the c o n d i t i o n a l  p r o b a b i l i t y  t h a t  a l e v e l  Y i s  
exceeded for  a t i m e  i n t e r v a l  t t h a t  i s  l a r g e r  than some g iven va lue t (such 
an event i s  c a l l e d  a surge above the l e v e l  Y ) ,  one has 
Py(t 2 t l y  2 Y )  p ( y ( t  + TI 2 Yly ( t )  2 Y )  (B.5) 
I n  o rde r  to  determine t h i s  f u n c t i o n ,  i t  i s  necessary to  f i n d  the  va lue o f  
the  l i m i t  r e q u i r e d  by equat ion  ( 6 . 4 ) .  Thus, one needs an express ion t h a t  
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descr ibes the  general  n dimensional  d i s t r i b u t i o n  f u n c t i o n  for the y j  
t i e s .  However, i n  t h e  s imp les t  case o f  a normal process (which w i l l  be d e a l t  
w i t h  here) such an express ion becomes unwle ldy even f o r  
approximate s o l u t i o n  must there fore  be employed. 
The r ight -hand s i d e  of equat ion ( 8 . 3 )  can be w r i t t e n  as 
quant i -  
The f o l l o w i n g  n 1. 3. 
where P ( i  11 - 1,. . .l ,O) i s  t h e  c o n d i t i o n a l  p r o b a b i l i  t y  t h a t  the  event y i  2 Y 
occurs,  g iven  t h a t  t h e  events y i  - 1 Y,. . .yo > Y have occurred.  Taking 
i n t o  account t h a t  
P ( i 1 i - 1  , . . . l , O )  5 P ( i l i - 1 )  ( 8 . 7 )  
one has, from equat ion (8.6) 
and, u s i n g  equations ( 8 . 4 )  and ( 8 . 5 1 ,  
where the  l a s t  l i n e  follows from a p p l i c a t i o n  o f  the theorem o f  j o i n t  p r o b a b i l i -  
t i e s .  Equat ion (8 .9 )  represents  a s o l u t i o n  t o  the  problem o f  t h e  p r o b a b i l i t y  
o f  the t ime i n t e r v a l  '5: t h a t  a random process y remains above some g iven 
l e v e l  Y. Th is  s o l u t i o n  e s s e n t i a l l y  est imates an n-dimensional d i s t r i b u t i o n  
by the  n t h  power o f  a one-dimensional d i s t r i b u t i o n  based on n - 1 c o n d i t i o n s ;  
i n  t h e  l i m i t  as n-, the d i s t r i b u t i o n  o f  Py(t  1. ~ l y  2 Y )  i s  obta ined.  The 
s t a t i s t i c s  p e c u l i a r  to  the  process y ( t )  en ters  i n t o  the  problem through the  
express ion f o r  the  j o i n t  p r o b a b i l i t y  d i s t r i b u t i o n  P(y( t  + T/n) 2 Y,y(t) 1. Y ) .  
I n  the  case considered here,  the  process i s  the a t t e n u a t i o n  due t o  r a i n  t h a t  
occurs on a communications l i n k  and the governing s t a t i s t i c s  a re ,  as discussed 
i n  re fe rence 11, log-normal. What i s  the same t h i n g ,  the  process y ( t )  'can be 
taken t o  be the  l o g a r i t h m  o f  a t t e n u a t i o n  and the s t a t i s t i c s  a re  normal ly  d i s -  
t r i b u t e d .  I n  t h i s  l a t t e r  case, one can w r i t e ,  us ing  the w e l l  known equat ion 
for the  b i v a r i a t e  normal d i s t r i b u t i o n  ( r e f .  9) and making the  i d e n t i f i c a t i o n s  
y ( t )  = l n A ( t >  and Y 5 lnAo, one has 
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P[a(t + $ 2 Ao,a(t) 2 Ao] = Po(L,elP[a(t + $ 2 Ao,a(t) 2 A O I R A I N  ON LINK 
dxldx2 (B.10) 
- a)2  I ( x l  - a I 2  - 2R(A-c)(x, - a)(x2 - a) t ( x 2  2 20inA[1 - R (AT) ]  
where R(AT) i s  the  termporal  c o r r e l a t i o n  c o e f f i c i e n t  o f  the  a t t e n u a t i o n  proc- 
e s s  t h a t ,  i n  general ,  can be a f u n c t i o n  o f  the  t i m e  i n t e r v a l  
a l l  t he  o the r  parameters have been p r e v i o u s l y  de f ined i n  re fe rence 1 ) .  I f  AT 
i s  smal l ,  the cond l t i ona l  j o i n t  p r o b a b i l i t y  P,(AT) Z PCa(t+AT> 2 Ao,a(t) 2 
A o l R A I N  ON LINK1 can be expanded about the p o i n t  R(0) i n  a Tay lo r  S e r i e s ,  
i .e. , 
AT = d n  and 
r 
Performing the  requ i red  c a l c u l a t i o n s ,  s i m p l i f y i n g ,  and n o t i n g  t h a t  
P,(O) = PCa(t) 2 Ao,a(t) 2 A o l R A I N  ON LINK1 
one ob ta ins  
PCa(t) 2 A o l R A I N  ON LINK], 
P,(A.c) 1 PCa(t) 2 A o l R A I N  ON LINK1 + 
]AT (B.11) 





where R" denotes the  second t ime d e r i v a t l v e  o f  R ( t ) .  S u b s t i t u t i n g  equa- 
t i o n  (B.11) i n t o  (B.9) and n o t i n g  the  f i r s t  l i n e  o f  equat ion  (B.10) g ives  
P ( t  2 r i a  2 Ao) 
AO 
2 ( lnAo - lnAm) 
PCa(t) 2 A 1 + P (L,8) ( -R"(O) 1 l 2  eXP[- 
0 0 21r 20fnA 
PCa(t) 2 A O l  = l i m  n* 
AT 
- 
= l i m  I-a E] = exp (-UT) ( B .  12) 
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where 
( -Rvo)) '  I2 exp 
L 
( -1  nAo - 1 
2 
2ul nA 
s ince one has t h a t  
shown i n  re fe rence 11, 
PCa(t) L Ao) = Po(L,B)P(a(t) 2 A o l R A I N  ON LINK1 where, as 
lnAO - lnAm PCa(t) L A O I R A I N  ON LINK1 = 2 1 e r f c  (T) 
Equation (8.13) can be w r i t t e n  
t u =  ( B .  14) 
I t  now remains to  f i n d  the  va lue for the  second d e r i v a t i v e  o f  R(AT) eva lua ted  
a t  AT = 0. 
equat ion (eq. (2.2111, v i z . ,  
For t h i s ,  one must go back t o  t h e  s t o c h a s t i c  d i f f e r e n t i a l  
where 
l n A ( t >  - lnA, 
'1 nA 
x ( t )  = (8.16) 
F ind ing  the c o r r e l a t i o n  f u n c t i o n  o f  the  process d e f i n e d  by equa- 
t i o n  (8.151, one makes use o f  the Wiener-Khintchine Theorem which s t a t e s  t h a t  
c o r r e l a t i o n  f u n c t i o n  i s  the F o u r i e r  t ransform of the normal ized power spectrum 
o f  the  random process i n  quest ion ( r e f .  10). 
t rans form o f  equat ion (B .  15), forming the normal i z e d  power spectrum and inverse  
t rans forming  t h i s  r e s u l t  y i e l d s  
R ( A ~ )  = e-y(AT) (B.  17) 
Taking the  temporal F o u r i e r  
Fo l low ing  the  p r e s c r i p t i o n  g iven i n  re fe rence 11 for o b t a i n i n g  the  second 
d e r i v a t i v e  o f  equat ion (B.17) and s e t t i n g  AT = 0 f i n a l l y  g ives  
2 R"(0) = -y 
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S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  equat ion  (8 .14)  and us ing  the d e f l n l t l o n  o f  




F(XO) a =  
lnAO - lnAm 
'1 nA 
- xo = 
(8.18) 
(8.19) 
Combining equat ions (8.12) and (8.18) g ives  
p ( t  2 71a 2 Ao) = exp (- yr F(xol) (8.20) 
AO 
I t  now remafns t o  m u l t i p l y  t h i s  c o n d i t i o n a l  p r o b a b i l i t y  by the cumula t ive  
p r o b a b i l i t y  P(a 2 A@ to o b t a i n  the des i red  r e s u l t s  o f  equat ions (3.1) 
t o  (3.3) f o r  fade t imes z : TF.  
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APPENDIX C 
EXPERIMENTAL DETERMINATION OF THE TEMPORAL PARAMETER y 
An exper imental  procedure t o  o b t a i n  e m p i r i c a l  values fo r  y from a c t u a l  
r a i n  a t t e n u a t i o n  events o c c u r r i n g  on a communications l i n k  i s  suggested by a 
r e l a t i o n  der ives  i n  appendix A, equat ion (A.22). Th is  expression r e l a t e s  the  
c o n d i t i o n a l  var iance K ( X , t )  o f  the  q u a n t i t y  
l n A ( t )  - lnAm 
al nA 
X ( t )  = (C. 1)  
t o  the parameter y ,  v i z  
where use was a l s o  made of equat ion (2.19). From equat ion (A.211, t h e  
c o n d i t i o n a l  var iance can be g iven by 
where ( ( X ( t  + A t )  - X ( t ) I 2 >  i s  the  var iance of X ( t )  over  the  t ime i n t e r v a l  
A t ;  the  esemble averaging ( .  . .> i s  by e r g o d i c i t y ;  t ime averaging over  a l l  
r e a l i z a t i o n s  o f  ( X ( t  - A t )  - X ( t ) I t .  
A ( t )  : A0 and A ( t + A t )  5 A, one has 
Using equat ion (C.1) and l e t t i n g  
InA - lnAO 
1 nA 0 
X ( t  + A t )  - X ( t )  =: 
L e t t i n g  A = Ao + AA where A0 2 AA, the  ln(A/AO) f a c t o r  of equat ion (C.4) 
I can be-expanded t o  y i e l d  
Equat ion (C.6) e a s i l y  l e n h i  i t s e l f  t o  exper imental  implementat ion.  I n  d i s c r e t e  
form, c a r e f u l l y  n o t i n g  the  t i m e  dependencies of the  p a r t i c u l a r  a t t e n u a t i o n  Val- 
ues l A0 : A ( t >  and AA = A - A : A ( T  t A t )  - A ( t ) ,  one has 
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where A t  3 t i + 1  - t i  
of  a t t e n u a t l o n  samples must f i r s t  be b u i l t .  Only a f t e r  t h i s  has been done over  
many sample$, one can form the var iance,  ( C A ( t i + l )  - A ( t i ) l 2 ) / ( A z ( t i ) A t ) .  So 
as n o t  t o  b ias  the  r e s u l t ,  the  va lue for  UlnA must a l s o  be der ived  from the 
observat ions r a t h e r  than the values c a l c u l a t e d  i n  re fe rence 1) .  Running e s t i -  
mates o f  equat ion (C.7) can c o n t i n u a l l y  be made throughout the l i f e t i m e  o f  the  
experiment which, o f  course, should be as long as poss ib le .  These measurements 
should be made a t  var ious  l o c a t i o n s  throughout the count ry  v e r i f y  or r e f u t e  the  
assumption made i n  t h i s  work t h a t  y i s  independent o f  l o c a t i o n .  The data 
should a l s o  be p laced i n  c lass  i n t e r v a l s  accord ing to  month o f  year so as t o  
a s c e r t a i n  p o s s i b l e  v a r l a t i o n s  throughout the  year .  
1 s  the  i t h  sampling I n t e r v a l .  A s  can be seen, a reco rd  
31 
APPENDIX D 
FADE S T A T I S T I C S  AND CONTROL DELAY DATA FOR ACTS 
COMMUNICATIONS L I N K S  FOR 59 C I T I E S  I N  THE U . S .  
, 
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LOCATION OF TERMINAL8 JUNEAU, AK 
PROBABILITY Of ATTENMTJON ON AN ACTS LINK AT THIS LOCATION: 37.308 X 
MEAN ATTENUATION ON AN ACTS LINK; i) 20 GHz: 0.103 dB; 3 30 GHz: 0.282 dB 











































































0 s o  










0 . 1  684.9 
0.0 388.4 
0.0 220.3 
0 .o 124.9 
0 .o 70.9 
0 .o 40.2 
0 .o 22.8 







394 . 3 































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CWTROL 
LEVEL (IN dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
IS 99.999% 99.99% 99.9% 9 9% 
0.5 




77.6 102.3 147.5 259.9 
29.2 38.5 55.5 97.7 
11.6 15.3 22.1 38.9 
4 .O 5.2 7.6 13.3 
0.8 1.1 1.5 2.7 
FADE CONTROL ON 30 GHz LINK 
- 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
IS 99.999% 99.99% 99.9% 99% 




74.6 98.3 141.8 249.8 
24.2 31.9 46.0 81 . O  
7.5 9.9 14.3 25.2 




















, ' I  I LOCATION O f  TERMINAL: PHOENIX, AZ 
PROBABILITY OF ATTENUATION ON CIN ACTS L INK AT T H I S  LOCATION; 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 0.412 dB; 3 30 GHz: 0.903 dB 
0.931.X 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.381; a 30 G H ~ L  1.335 
I FADE TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURATION 


















































1 0 . 1  
6 . 3  
3.9 

















0 . 6  









8 .8  





0 . 3  
0 . 1  

























































FADE CONTROL ON 20 GHz L I N K  
I F ATTENUAT I ON THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN 'AVAILABIL ITY I S  . % .  






51.3 67.7 97.6 172.0 
19.3 25.4 36.7 64.6 
7.7 1 0 . 1  14.6 25.7 
2.6 3.5 5 . 0  8.8 
0.5 0 . 7  1 ,o 1 .B 
FADE CONTROL ON 30 GHz L INK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN M I L A B I L I T Y  IS 




4 . 0  
44.3 58.5 84.3 148.5 
1 4 . 4  18.9 27.3 48.1 
4 .5  5 . 9  0.5 15.0 

















0 .7  
0 .4  
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LOCATION OF TERMINAL: FRESNO, CA 
PROBABILITY OF ATTENWTION ON CIN ACTS L I N K  AT T H I S  LOCATION: 15.842 X 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 0.016 dB; 3 30 GHz: 0.048 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 G H Z Z  1.835; 3 30 G H ~ :  1.704 
FADE 
DURAT I ON 





























11 .5  
5 .8  
3.0 
1.5 
0 .8  
0 .4  
0 . 2  
I F  ATTENUATION 







TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 













0 .8  
0 .4  
0 .2  










5 .8  
2 .7  
1 .2  
0.6 
0 .3  
0 . 1  
0 .1  
0 . 0  











0 .2  59.1 
0.1 32.7 
0 . 0  18.1 
0 .o 10.0 
0 . 0  5 .5 
0 s o  3.1 
0 .o 1.7 
FADE CONTROL ON 20 GHz L INK 
265.9 
249.1 


























3 .2  
1.6 
0 .8  
0.4 
0 . 2  
0 . 1  
THEN MAXIMUM TIME ( IN  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
29.1 38.3 55.3 97.4 
10.9 14.4 20.8 36.6 
4.4 5.7 8.3 14.6 
1.5 2.0 2.8 5.0 
0 .3  0 . 4  0 .6  1 .o 
FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 





27.2 35.9 51.8 91.2 
8.8 11.6 16.8 29.6 
2 .7  3 .6  5 . 2  9.2 















0 .1  
0 . 1  
0 .o 
0 s o  
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LOCATION OF TERMINAL: LOS ANGELES, CA 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT T H I S  LOCATION: 1,915 X 
MEAN ATTENUATION ON AN ACTS L I N K ;  3 20 GHz: 0.512 dB; 0 30 GHz: 1.187 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.126; a 30 GHZ: 1.066 
FADE 
DURATION 



















































































































































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN N A I L A B I L I T Y  IS 






77.3 102.0 147.0 259.0 
29.1 38.3 55.3 97.4 
11.6 15.3 22.0 38.8 
4.0 5.2 7.5 13.3 
0.8 1.1 1.5 2.7 
FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATION THEN MAXIMUI TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 




4 . O  
69.5 91.7 132.2 233.0 
22.5 29.7 42.9 75.5 
7.0 9.2 13.3 23.5 





















LOCATION OF TERMINAL: SAN DIEGO, CA 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.364 X 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 0.471 dB; 3 30 GHz: 1.065 dB 
STNDRD. DEVIATION OF ATTENUEITION; 3 20 GHz: 1.254; 3 30 GHz: 1.202 
FADE TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURAT I ON 2OGHz 3OGHz 










































































































































FADE CONTROL ON 20 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( IN  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
IS 99.999% 99.99% 99 IT% 9 7% 
0 . 5  




62.3 82.2 118.5 208.8 
23.4 30.9 44.6 78.5 
9.3 12.3 17.7 31.2 
3.2 4.2 6.1 10.7 
0.6 0.9 1.2 2.2 
FADE CONTROL ffl 30 GHz L INK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AUAILABIL ITY  IS 
IS 99 * 999% 99.99% 99.9% 99% 
1 .o 
2.0 
3 .0  
4.0 
54.7 72.1 1 0 4 . 0  183.2 
17.7 23.4 33.7 59.4 
5.5 7 .3  10 .5  18.5 

















0 . 4  
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LOCATION OF TERMINAL: SAN FRANSICSO, CA 
PROBABILITY OF ATTENUATION O N  AN ACTS L I N K  AT T H I S  LOCATION: 2.895 2 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHz: 1.072; 3 30 GHz: 1,002 
I MEN4 ATTENUATION ON AN ACTS L INK;  3 20 GHz: 0.517 dB; 3 30 GHr: 1,224 dB 
FADE 
DURAT I ON 




































TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 
5dB 8dB 15dB 








90 . O  
52.8 


















































































































FADE CONTROL ON 20 GHz L I N K  
I F ATTENUATI ON THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL CIN dB) WITH 3 dB THRESHOLD AT GIVEN W A I L A B I L I T Y  IS 
IS 99.999% 99,9P% 99.9% 99% 
0.5 85.2 112.4 162.1 285.6 
1 .o 32.0 42.3 60.9 107.4 
1.5 12.8 16.8 24.3 42.7 
2.0 4.4 5.8 8 - 3  14.6 
2.5 0.9 1.2 1.7 3.0 
FADE CONTROL ON 30 GHz L INK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 





78.8 103.9 149.8 263.9 
25.5 33.7 48.6 85.5 
7.9 10.5 15.1 26.6 
1.5 2.0 2.9 5 , l  
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LOCATIWJ OF TERMINAL: DENVER, CO 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 3.019 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 0.135 dB; 3 30 GHz: 0.342 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.449; 3 30 G H ~ :  1,350 
FADE 
DURAT I ON 




































I F  ATTENUATI ON 







I F  ATTENUATION 
LEVEL ( I N  dB1 





TOTAL FADING TIME ( IN  MINUTES) ACROSS FADE DEPTHS 
2OGHz 















































0 .o 40.3 
0 .o 26 .O  
0 .o 16.8 
0 .0  10.9 
7.9 784.5 






































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99 9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
46.6 61.5 88.7 156.2 
17.5 23.1 33.3 58.7 
7.0 9.2 13.3 23.4 
2.4 3.1 4.5 8.0 
0.5 0.6 0.9 1.6 
FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
99.999% 99.99% 99.9% 99% 
43.4 57.2 82.5 145.3 
14.1 18.5 26.7 47.1 
4 . 4  5.8 8.3 14.6 
0.8 1.1 1.6 2.8 
15dB 















0 . 1  
2.8 
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LOCATION OF TERMINAL : HARTFORD, CT 
I PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 2,591 X 
I STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.014; 3 30 GHz: 0.960 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz : 1.687 dB; 3 30 GHz : 3.635 d8 I 
FADE 
DURATl ON 

































501 . O  
387.8 
300.2 
TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 






















































































FADE CONTROL ON 20 GHz L I N K  
I F  ATTENUATI ON THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
IS 99.999% 99.99% 99.9% 9 9% 
0.5 95.2 125.6 181 .l 319.1 
1 .o 35.8 47.2 68.1 120.0 
1.5 14.3 18.8 27.1 47.8 
2.0 4.9 6.4 9 . 3  16.3 
2.5 1 .o 1.3 1.9 3.3 
FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME CIN SECONDS) TO IMPLEMENT CONTROL 
LEVEL CIN dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
IS 99.999% 99.99% 99.9% 9 9% 




85.8 113.2 163.2 287.5 
27.8 36.7 52.9 93.2 
8.6 11.4 16.4 29.0 





















LOCATION OF TERMINALz WASHINGTON, D. C. 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.488 X 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 2.470 dB; 3 30 GHz: 4.895 dB 
STNDRD, DEVIATION OF ATTENUATION; a 20 GHZ: 1.109; a 30 G H ~ :  1 ,083 
FADE 
DURAT I ON 

































701 . O  
576.1 
473 I 4  
TOTAL FADING T IME ( IN  MINUTES) ACROSS FADE DEPTHS 
20GHz 3OGHz 







































































































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME (IN SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
IS 99,995T 99 a 99% 99 IT% 99% 
0.5  79.6 105.0 151.4 266.8 
1 .o 29.9 39.5 56.9 100.3 
1.5 11.9 15.7 22.7 39.9 
2.0 4 . 1  5 .4 7.8 13.7 
2.5 0 .8  1 . l  1 .6  2 .8  
FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 





67.4 88.9 128.2 225.9 
21.9 28.8 41.6 73.2 
6 .8  9.0 12.9 22.8 




















LOCATION OF TERMINAL : JACKSONVILLE, F L  
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 
MEAN ATTENUATION O N  4N ACTS L I N K ;  3 20 GHz: 4.926 dB; 3 30 GHz: 9.104 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.108; 3 30 GHz: 1,098 
1.070 2 
FADE TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURAT I ON 2OGHz 30GHz 



































2782.8 1861.2 885.8 
2735.0 1817.8 857.2 
2688.0 1775.5 829.4 
2641.7 1734.2 802.6 
2596.3 1693.8 776.6 
2551.7 1654.3 751.5 
2339.7 1470.5 637.6 
2145.4 1307.0 540.9 
1967.2 1161.8 458.9 
1654.0 917.9 330.3 
1390.6 725.2 237.8 
1169.2 572.9 171.1 
983.1 452.7 123.2 
826.5 357.6 88.7 
694.9 282.6 63.8 
584.3 223.2 45.P 




















































FADE CONTROL ON 20 GHz L I N K  
I F ATTENUATI ON THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 






79.8 105.2 151.7 267.3 
30 .O 39.6 57.0 100.5 
11.9 15.7 22.7 40 . O  
4.1 5.4 7.8 13.7 
0.8 1.1 1.6 2.8 
I FADE CONTROL ON 30 GHz L INK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL (IN dBi WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 





65.5 86.4 124.6 219.5 
21.2 28.0 40.4 71.1 
6.6 8.7 12.6 22.1 
1.3 1.7 2.4 4.2 
LOCATION OF TERMINAL: MIAMI ,  FL 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 0.992 X 
MEAN ATTENUATION ON CUJ ACTS L INK;  '3 20 GHz: 6.062 dB; 3 30 GHz: 11.273 dB 







































TOTAL FADING T IME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 







































































































FADE CONTROL ON 20 GHz L I N K  
I F ATTENUATI ON THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN M A I L A B I L I T Y  IS 
IS 99,99P% 99.99% 99.9% 9 9% 
0.5 94.0 123.9 178.7 314.8 
1 .o 35.3 46.6 67.2 118.4 
1.5 1 4 . 1  18.5 26.7 47.1 
2.0 4.8 6 .3  9.2 16.1 
2.5 1 .o 1.3 1.9 3.3 
FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 





77.6 102.3 147.6 260,O 
25.2 33.2 47.8 84.3 
7 .8  10.3 14.9 26.2 




















LOCATION OF TERMINAL: TAMPA, FL 
PROBABILITY OF ATTENMTION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.144 % 
MEAN ATTENUATION ON AN ACTS L I N K ;  a 20 GHz: 4.075 dB; 3 30 GHt: 7.942 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.040; 3 30 GHz: 1.013 
FADE 
DURAT I ON 



































I F ATTENUAT I ON 







I F  ATTENUATION 





4 . 0  
TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 








































































































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.997% 99.9%! 99 I E! 99% 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
90.6 119.4 172.2 303.4 
34 . O  44.9 64.7 1 1 4 . 1  
13.6 17.9 25.8 45.4 
4 .6  6 . 1  8.8 15.5 
0 .9  1 . 2  1 .8 3.1 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
99.999% 99.99% 99.9% 99% 
77.0 101.6 146.5 258.0 
25.0 32.9 47.5 83.6 
7 .8  10.2 14.8 26.0 


















LOCATION OF TERMINAL: ATLANTA, GA 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.974 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 2.190 d8; 3 30 GHz: 4.644 d8 
STNDRD. DEUIATIW OF ATTENUATION; 3 20 GHz: 1.008; 3 30 GHz: 0.952 
FADE TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURATION 20GHz 

























































955 . 5 







































































































41  .O 
28.4 
FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
IS 99.999% 99.99% 99. 9% 99% 
0 . 5  




9 6 . 5  127.2 183.4 323.1 
36.3 47.8 69.0 121.5 
14 .4  19.0 27.5 48.4 
4.9 6.5 9.4 16.5 
1 .o 1.3 1.9 3.3 
FADE CONTROL ON 30 GHz LINK 
IF ATTENUATION THEN MAXIMUI TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIUEN WAILABILITY IS 




4 . O  
87.3 115.1 166.0  292.4 
28.3 37.3 53.8 94.8 
8.8 11.6 16.7 29.5 
1 . 7  2.2 3.2 5.6 
45 
LOCATION OF TERMINAL: HONOLULU, H I  
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 3.174 X 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHZ: 1.032 dB; 3 30 GHz: 2.076 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.363; 3 30 GHz: 1.343 
FADE 
DURAT I ON 
TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 
( M i  nu t e s )  3dB 5dB 
0 3622.0 2063.2 































I F  ATTENUATION 







I F  ATTENUATION 
LEVEL ( I N  dB) 
IS 































































































THEN MAXIMUM TIME C I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 9 9A 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
52 .? 69.5 100.2 176.6 
19.8 26.1 37.7 66.4 
7.9 10.4 15.0 26.4 
2.7 3.6 5.1 9.0 
0.5 0.7 1 .o 1.8 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
99.999% 99.99% 99.9% 99% 
43.8 57.8 83.4 146.9 
14.2 18.7 27.0 47.6 
4 . 4  5.8 8.4 14.8 




















LOCATION OF TERMINAL: CAIRO, I L  
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.629 Z 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 2.802 dB; 3 30 GHz: 5.751 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 0.949;  3 30 GHZ: 0.908 
FADE TOTAL FADING T IME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURATI ON 2OGHz 3OGHz 

































788 .3  
657.4 
I F  ATTENUATION 
LEVEL ( I N  dB) 
IS 
0 . 5  
1 .o 
1 . 5  
2 . 0  
2 . 5  
I F  ATTENUATION 
LEVEL ( I N  dB) 
IS 
1 . 0  
2 . 0  
3 . 0  
































72 .2  
51.1 
36.1 














7 . 9  



















































510.6 83 .9  
408.1 59 .9  
326.1 42.7 
THEN MfAXIMUM T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
108.8 143.5 206 .9  364.5 
40 .9  53 .9  77 .8  137.0 
16 .3  21.5 31 . O  54.5  
5 . 6  7 . 3  1 0 . 6  18.7 
1 . l  1 . 5  2 .1  3 . 8  
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  I S  
99.999% 99.99% 99 9% 99% 
95.8  126.3 182.1 320.8 
31 . O  40.9  5 9 . 0  104.0 
9 . 6  12.7 1 8 . 3  32 .3  
1 . 8  2 . 4  3 . 5  6 . 2  
47 
LOCATION OF TERMINAL: CHICAGO, I L  
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.599 2 
MEAN ATTENUATION OF4 AN ACTS L I N K ;  i) 20 GHz: 1.624 dB; 3 30 GHz: 3.421 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.090; i) 30 G H ~ :  1.041 
FADE TOTAL FADING TIME ( IN  MINUTES) ACROSS FADE DEPTHS 
DURAT I ON 20GHz 30GHz 


















241 1 . O  
2350.2 



















































































FADE CONTROL ON 20 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
IS 99.999% 99.99% 99.9% 99% 
0.5 82.5 108.8 156.9 276.4 
1 .o 31 . O  40.9 59.0 103.9 
1.5 12.3 16.3 23.5 41.4 
2.0 4.2 5.6 8.0 14.2 
2.5 0.9 1 .l 1.6 2.9 
FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 





73.0 96.2 138.7 244.4 
23.6 31 .2 45.0 79.2 
7.3 9.7 14.0 24.6 



















LOCATION OF TERMINAL: PEORIA, I L  
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.146 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 2.521 dB; 3 30 GHz: 4.953 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.074; 3 30 GHZ: 1.052 
I FADE 





































TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 





































































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUtl TIME (IN SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
IS 99.999% 99.99% 99.9% 99% 
0.5 85.0 112.1 161.6 284.7 
1 .o 31.9 42.1 60.8 107.0 
1.5 12.7 16.8 24.2 42.6 
2.0 4.4 5.7 8.3 14.6 
2.5 0.9 1.2 1.7 2.9 
FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 





71.5 94.3 135.9 239.5 
23.2 30.6 44.1 77.6 
7.2 9.5 13.7 24.1 




















I LOCATION OF TERMINAL: SPRINGFIELD, I L  
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.203 2 
MEAT4 ATTENUATION ON AN ACTS LINK; 3 20 GHz: 2.306 dB; 3 30 GHz: 4.607 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.082; 3 30 GHz: 1.053 
FADE 
DURATION 




































TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 







































































































FADE CONTROL O N  20 GHz LINK 
IF ATTENUATION THEN MAXIMUM TIME cIr4 SECONDS) TO IMPLEMENT CONTROL 
LEVEL (114 dBj WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 






83.7 110.4 159.2 280.5 
31.5 41.5 59.9 105.4 
12.5 16.5 23.8 42.0 
4.3 5.7 8.2 14.4 



















FADE CONTROL ON 30 GHz LINK 
IF ATTENUATION THEN MAXIMIJM TIME (114 SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
I 





71.3 94.1 135.7 239.0 
23.1 30.5 44.0 77.5 
7.2 9.5 13.7 24.1 
1 .4  1.8 2.6 4.6 
50 
LOCATION OF TERMINAL: EVANSVILLE, I N  
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.197 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 3.201 dB; 3 30 GHz: 6.242 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.024; 3 30 GHz: 1.004 
> FADE 


































































































































FADE CONTROL ON 20 GHr LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 






93.4 123.2 177.6 312.9 
35.1 46.3 66.8 117.6 
14.0 18.4 26.6 46.8 
4.8 6.3 9.1 16.0 
1 .o 1.3 1.8 3 .2  
FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 




4 . 0  
78.4 103.3 149.0 262.5 
25.4 33.5 48.3 85.1 
7.9 1 0 . 4  15.0 26.4 









761 . O  
652.9 
480.7 








LOCATION OF TERMINAL: FORT WAYNE, I N  
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.624 Z 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 1.711 dB; 3 30 GHz: 3.599 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.043; 3 30 GHz: 0,997 
FADE TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS , 
DURATI ON 2OGHz 3OGHz 







































































































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 






90.0 118.7 171.1 301.5 
33.8 44.6 64.3 113.3 
13.5 17.8 25.6 45.1 
4.6 6.1 8.8 15.4 


















FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 





79.5 104.8 151.2 266.3 
25.8 34.0 49.0 86.3 
8.0 10.6 15.2 26.8 
1.5 2.0 2.9 5.1 
I 52 
LOCATION OF TERMINAL: INDIANAPOLIS, I N  
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.386 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 2.470 dB; 3 30 GHz: 4.997 dB 
STNDRD. DEVIATION OF ATTENUATION; 'd 20 GHz: 1.015; 3 30 GHz: 0.982 
, FADE 
DURAT I ON 



















































































































































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 d8 THRESHOLD AT GIVEN AVAILABILITY IS 






95.2 125.5 181 . O  318.8 
35.8 47.2 68.0 119.8 
14.2 18.8 27.1 47.7 
4 .9  6.4 9 .3  16.3 
1 .o 1.3 1 .9  3.3 
FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 





82.0 108.2 156.0 274.8 
26.6 35.1 50 .6  89.1 
8.3 10.9 15.7 27.7 




















LOCATION OF TERMINAL: LEXINGTON, KY 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.682 Z 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 2.511 dB; 0 30 GHr: 5.185 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 0.941; 3 30 GHz: 0.900 
FADE 
DURATION 


































I F ATTENUAT I ON 







I F  ATTENUATION 






TOTAL FADING T IME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 
\ 
5dB 8dB 15dB 3dB 5dB 8dB 15dB 
2053.9 
1996.6 

































































2421 . O  



































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99 * 9% 99% 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
110.7 145.9 210.4 370.7 
41.6 54.9 79.1 139.4 
16.6 21.8 31.5 55.5 
5.7 7.5 10.8 19.0 
1.1 1.5 2.2 3.8 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  I S  
99.999% 99.99% 99 * 9% 99% 
97.5 128.6 185.5 326.7 
31.6 41.7 60.1 105.9 
9.8 13.0 10.7 32.9 
1.9 2.5 3.6 6 . 3  
54 
LOCATION OF TERMINAL: LOUISUILLE, KY 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCCITION: 
MEAN ATTENUATION ON AT4 ACTS LINK; 3 20 GHz: 2.452 dB; 3 30 GHz: 5.046 dB 
1.610 X 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.006; 3 30 G H ~ :  0.964 
FADE 





































I F  ATTENUATION 






2 .5  
I F  ATTENU T CP 





4 , O  
TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30 GHz 































1 1 . 1  
7.0 
4.3 




















































FADE CONTROL ON 20 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99 I94 9 9% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
96.7 127.5 183.9 324 . O  
36.4 47.9 69.2 121.8 
14.5 19.1 27.5 48.5 
5.0 6 .5  9.4 16 .6  
1 .o 1.3 1.9 3.4 
FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN #AILABIL ITY  IS 
99.999% 99 99L 99 I9L 99% 
85.0 112.1 161.6 284.7 
27.5 36.3 52.4 92.3 
8 .6  11.3 16.3 28.7 




















LOCATION OF TERMINAL: NEW ORLEANS, LA 
PROBABILITY OF ATTENUATION or4 AN ACTS LINK AT THIS LOCATION: 1.088 z 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 0.961;  3 30 G H ~ :  0.941 
MEAN ATTENUATION ON AN ACTS LINK; a 20 GHz: 5.914 dB; 3 30 GHz: 11.271 dB 
FADE TOTAL FADING T IME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURAT I ON 20GHz 30GHz 

































1971 . O  
1805.0 
I F ATTENUAT I ON 







I F  ATTENWTION 




























































































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99 I 9% 99% 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
106.1 139.9 201.8 355.5 
39.9 52.6 75.9 133.6 
15.9 20.9 30.2 53.2 
5.4 7 .2  10.3 18.2 
1 . l  1.4 2.1 3.7 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
99 999% 99.9Y% 99 I 9% 9 9% 
89.3 117.8 169.9 299.3 
29.0 38.2 55.1 97.0 
9.0 11.9 17.1 30.2 



















LOCATION OF TERMINAL: BALTIMORE, MD 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.844 X 
MEAN ATTENUATION ON AN ACTS L I N K ;  3 20 GHz: 2,085 dB; 3 30 GHz: 4.319 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.087;  3 30 GHZ: 1 . 0 4 3  
FADE 
DURAT I ON 


































494 , s  
396.9 
TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30 GHz 



























80 .9  
5 0 . 3  
31 .3  
19.4 
12.1 
7 . 5  
4 . 7  




















































FADE CONTROL ON 20 GHz L I N K  
I F  ATTENUATI O N  THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
IS  99.999% 99.99% 99.9% 9 9% 
0 . 5  
1 .o 
1 . 5  
2 . 0  
2 . 5  
82 .9  109.3 157.6 277.7 
31.2 41 . l  59 .3  104.4 
12.4 16.4 23.6 41 .6  
4 . 2  5 . 6  8.1 14 .2  
0 . 9  1 . 1  1 . 6  2 . 9  
FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  I S  




4 . 0  
72.7 9 5 . 9  138.3 243.6 
23 .6  31 . l  44.8 79.0 
7 . 3  9 . 7  13.9 24.5 















89 .5  
62 .3  
43.4 
30 .2  
57 
LOCATION OF TERMINAL: BOSTON, MA 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT T H I S  LOCATION: 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 1.628 dB; 3 30 GHz: 3.527 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 0.989; 3 30 GHz: 0.935 
2.762 X 
FADE 





































I F ATTENUAT I ON 







TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 
I F  ATTENUATION 















































































THEN MAXIMUM TIME (IN SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
100.1 132.0 190.4 335.3 
37.6 49.6 71.6 126.1 
15.0 19.8 28.5 50.2 
5.1 6.8 9.7 17.2 
1 .o 1.4 2.0 3.5 
FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
99.999% 99.99% 99.9% 9 9% 
90.4 119.1 171.8 302.7 
29.3 38.6 55.7 98.1 
9.1 12.0 17.3 30.5 




















LOCATION OF TERMINAL: ALPINA, M I  
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 3.417 X 
MEAN ATTENUATION ON AN ACTS L I N K ;  3 20 GHz: 0.521 dB; i) 30 GHz: 1.232 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.223; i) 30 G H ~ :  1.141 
I FADE 
DURAT I ON 





































I F  ATTENUATION 














TOTAL FADING T IME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 






























8 .2  
4.7 
2 .7  
1.6 













1 . 1  
0.6 
0 . 3  
0 . 1  




































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.997% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIUEN A V A I L A B I L I T Y  IS 
65.4 86.3 124.4 21 9.2 
24.6 32.4 46.8 82.4 
9.8 12.9 18.6 32.8 
3.4 4 .4  6.4 11.2 
0.7 0 .9  1.3 2.3 
FADE CCNTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIUEN A V A I L A B I L I T Y  IS 
99.999% 99.99% 99.9% 99% 
60.8 80.1 115.5 203.6 
19.7 26.0 37.5 66.0 
6.1 8.1 11.6 20.5 
















3 .2  
1.9 
1 . 1  
59 
LOCATION OF TERMINAL: DETROIT, M I  
PROBABILITY OF ATTENUATION ON AN ACTS L INK AT T H I S  LOCATION: 1.883 2 
MEAN ATTENUATION ON AN ACTS L I N K ;  3 20 GHz: 1.265 dB; 3 30 GHz: 2.737 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.102; 3 30 GHz: 1.047 
FADE 
DURATION 




































I F ATTENUATION 







I F  ATTENUATION 






TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 























































































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99 .99P% 99.99% 99 I 9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
80.6 106.3 153.3 270.0 
30.3 40 . O  57.5 101.5 
12.1 15.9 22.9 40.4 
4.1 5.4 7.9 13.8 
0.8 1.1 1.6 2.8 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AUAILABIL ITY  IS 
99.99%! 99.99% 99 .9% 99% 
72.2 95.1 137.2 241.7 
23.4 30.8 44.5 78.4 
7.3 9.6 13.8 24.4 






















LOCATION OF TERMINAL: GRAND RAPIDS, MI 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.615 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 1.755 d8; 3 30 GHz: 3.669 dB 







































I F  ATTENUATION 







TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 































34.2 4 . 1  
22.7 2.4 
15.0 1.4 


















FADE CONTROL ON 20 GHz LINK 
THEN MRXIMUM TIME ( IN  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99 ,9% 9 Y% 
WITH 3 d8 THRESHOLD AT GIVEN AVAILABILITY IS 
91.5 120.7 174.0 306.6 
34.4 45.4 65.4 115.3 
13.7 18.1 26.0 45.9 
4.7 6 .2  8.9 15.7 



































FADE CONTROL ON 30 GHz LINK 
IF ATTENUATION 
LEVEL ( I N  dB) 
IS 
1 .o 
2 .0  
3.0 
4 . 0  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN M I L A B I L I T Y  IS 
99.999A 99.99% 99 e 9% 99% 
80.3 105.9 152.8 269.1 
26.0 34.3 49.5 87.2 
8 .1  10 .7  15.4 27.1 




















LOCATION OF TERMINAL; HOUGHTON, M I  
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.645 X 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHt : 1.298 dB; 3 30 GHr ; 2.765 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.048; 3 30 GHz: 1,003 
FADE 
DURATION 




































I F ATTENUAT I O N  







I F  ATTENUATION 






















































































































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN M A I L A B I L I T Y  IS 
87.2 117.6 169.7 298.9 
33.5 44.2 43.8 112.4 
13.4 17.6 25.4 44.7 
4.6 6.0 8.7 15.3 
0.9 1.2 1.8 3.1 
FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
99.999% 99.99% 99.9% 99% 
78.6 103.6 149.4 263.3 
25.5 33.6 48.4 85.3 
7.9 10.4 15.1 26.5 




















LOCATION OF TERMINAL; LANSING, M I  
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.564 2 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 1.462 dB; 3 30 GHz: 3.086 dB 
STNDRD, DEVIATION OF ATTENUATION; a 20 GHz : 1.082; 3 30 G H t  : 1.036 
FADE TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURAT I ON 20GHz 30GHt 















































55.6 8 .7  
36.2 5.1 
23.6 3.0 
15.3 1 .7  
10.0 1 . o  


















I F  ATTENUATION 
LEVEL ( I N  d8) 
IS 
0 .5  












































63.6 7 .7  
163.3 27.3 
THEN MAXIMUtl TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIUM AVAILABILITY I S  
83.8 110.4 159.3 280.6 
31.5 41.5 59.9 105.5 
12.5 16.5 23.8 42.0 
4.3 5 .7  8 .2  14.4 
0 .9  1 . 1  1.6 2.9 
FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
99.999% 99.99% 99.9% 99% 
73.6 97.1 1 4 0 . 0  246.7 
23.9 31.5 45.4 80.0 
7 . 4  9 .8  1 4 . 1  24.9 
1 . 4  1 .9 2.7 4.7 
63 
LOCATION OF TERMINAL: SAULT STE. MARIE, M I  
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 
MEAN ATTENUATION ON fW ACTS LINK; 3 20 GHz: 1.366 dB; 3 30 GHz: 2.942 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.005; 3 30 GHr:  0.954 
1.977 X 
FADE 





































I F  ATTENUATION 







I F  ATTENUATION 





4 . O  
TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
20GHz 30GHz 















49.1 9 .9  
33.6 6 . 2  













2 .7  
1 .5  
0.8 






















































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
97.1 128.0 184.6 325.2 
36.5 48.1 69.4 122.3 
14.5 19.2 27.6 48.7 
5.0 6 .6  9.5 16.7 




















FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUI  TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN fWAILABILITY IS 
99.999% 99.99% 99.9% 99% 
86.8 1 1 4 . 4  165.0 290.8 
28.1 37.1 53.5 94.2 
8 . 7  11.5 16.6 29.3 
1.7 2 .2  3 .2  5 . 6  
64 
LOCATION OF TERMINAL: KANSAS CITY,  MO 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.154 X 
M E W  ATTENUATION ON AN ACTS L INK;  3 20 GHz: 2.231 dB; 3 30 GHz: 4.484 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHZ: 1.082; a 30 G H ~ :  1.050 
FADE 
DURATION 




































TOTAL FADING TIME ( IN  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 

































3 .6  
2.3 


































FADE CONTROL ON 20 GHz L I N K  
1 F ATTENUATI ON THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( IN  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
IS 99.999% 99.99% 99.9% 99% 
0.5 
1 .o 
1 .5  
2.0 
2.5 
83.7 110 .3  159.1 280.3 
31.5 41.5 59.8 105.4 
12.5 16.5 23.8 41.9 
4.3 5.6 8.1 14.4 
0.9 1 . l  1.6 2.9 
FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATIW THEN MAXIMUI T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I N  IS 




4 . 0  
71.7 94.5 136.3 240.1 
23.2 30.6 44.2 77.8 
7.2 9.5 13.7 24.2 




















LOCATION OF TERMINAL: OMEIHA, NEB 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.569 2 
MEAN ATTENUATION ON AN ACTS L I N K ;  3 20 GHz: 1.371 dB; 3 30 GHz: 2.938 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.106; 3 30 GHz: 1.051 
FADE 
DURAT I ON 














































LEVEL ( I N  dB) 
I S  
1 . 0  
2.0 
3.0 
4 . 0  















































































































FADE CONTROL ON 20 GHr L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  I S  
80.1 105.6 152.3 268.4 
30.1 39.7 57.3 100.9 
12.0 15,8 22.8 40.2 
4 . 1  5 .4 7 .8  13.7 
0.8 1 . 1  1 .6  2.8 
FADE CONTROL ON 30 GHz L INK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
99 I99W 99.99% 99.9% 9 YA 
71 .6 94.4 136.2 239,9 
23.2 30.6 44.1 77.7 
7 .2  9 .5  13.7 24.2 




















LOCATION OF TERMINAL: TRENTON, NJ 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.737 Z 
MEAN ATTENUATION ON "4 ACTS L I N K ;  3 20 GHz: 2.386 dB; 3 30 GHz: 4.827 d8 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.055; 3 30 GHz: 1.023 
FADE TOTAL FADING T IME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURATION 2OGHz 30GHz 










































2 .5  
I F  ATTENUATION 




































67 '9  9.2 
33.5 3.7 





















































THEN MAXIMUM TIME ( I N  SECIINDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
88.0 116.1 167.4 294.9 
33.1 43.6 62.9 110.9 
13.2 17.4 25.1 44.1 
4.5 5 .9  0.6 15.1 
0 .9  1.2 1 .7  3.1 
FADE CONTROL ON 30 G H z  LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 d8 THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
99.999% 99.99% 99.9% 99% 
253.1 75.5 99.6 143.6 
24.5 32.3 46.6 82.0 
7.6 1 0 . 0  14.5 2 5 . 5  
1.5 1.9 2.8 4 .9  
67 
LOCATION OF TERMINAL: ALBANY, NY 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT T H I S  LOCATION: 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 1.862 dB; 3 30 GHz: 3.825 dB 
1.804 X 
I 
I STNDRD. DEVIATION OF ATTENUATION; 3 20 GHZ: 1.082; a 30 G H ~ :  1.047 
FADE TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
DURATION 20GHz 30GHz 


















3127.4 1713.5 843.6 255.2 
3054.5 1660.7 811.4 242.8 
2983.2 1609.5 780.4 231.1 
2913.6 1559.9 750.6 219.9 
2845.6 1511.8 721.9 209.2 
2779.2 1465.2 694.4 199.1 
2469.7 1252.9 571.6 155.3 
2194.7 1071.4 470.5 121.1 
1950.3 916.1 387.3 94.5 
1540.1 669.9 262.5 57.5 
1216.2 489.8 177.8 35.0 
960.4 358.2 120.5 21.3 
758.4 261.9 81.7 13.0 
598.9 191.5 55.3 7.9 
473.0 140.0 37.5 4.8 
373.5 102.4 25.4 2.9 


















IF A T T E N M T I W  







I F  ATTENUATION 









































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99 I 999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN W A I L A B I L I T Y  I S  
83.7 1 1 0 . 4  159.2 280.4 
31.5 41.5 59.8 105.4 
12.5 16.5 23.8 42.0 
4.3 5.7 8 . 2  14.4 



















FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME (IN SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
99.999% 99.99% 99 .9% 99% 
72.0 95.0 137.0 241 $ 3  
23.4 30.8 44.4 78.2 
7.3 9.6 13.8 24.3 
1.4 1.8 2.6 4.6 
68 
LOCATION OF TERMINAL: BINGHAMTON, NY 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.799 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 1.757 dB; 3 30 GHz: 3.685 dB 







































TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 










544 I 3  194.4 
391.1 128.8 










































































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
IS 99.999% 99.99% 99. 9% 9 9% 





92.3 121.7 175.5 309.2 
34.7 45.7 66.0 116.2 
13.8 18.2 26.3 46.3 
4 .7  6 . 2  9.0 15.8 
1 .o 1.3 1 .8  3.2 
FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MAXIMUI TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN M I L A B I L I T Y  IS 




4 . 0  
81.2 107.0 154.4 271.9 
26.3 34.7 50 .O 88.1 
8.2 10.8 15.6 27.4 




















I LOCATION OF TERMINAL: BUFFALO, NY 
PROBABILITY OF ATTENWTION CN CSN ACTS LINK AT THIS LOCATIW: 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 G H z :  1.119 dB; 3 30 GHz: 2.495 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 G H z :  1.037; 3 30 G H z :  0.973 
2.760 X 
FADE 
DURAT I ON 




































I F ATTENUAT I ON 







I F  ATTENUATION 

























































1 . 3  
0.7 
0 . 4  
























































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
91.1 120.1 173.2 305.1 
34.2 45.1 65.1 114.7 
13.6 18.0 25.9 45.7 
4 .7  6.1 8 .9  15.6 
0.9 1.2 1.8  3.2 
FADE CWROL ON 30 G H z  LINK 
THEN MAXIMUM TIME (IN SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
99 999% 99.99% 99.9% 99% 
83.5 1 1 0 . 1  158.8 279.8 
27.1 35.7 51.5 90.7 
8 .4  1 1 . 1  16.0 28.2 
1 .6  2.1 3.1 5.4 
15dB 
473 3 

















LOCATION OF TERMINAL: NEW YORK, NY 
PROBABILITY OF ATTENUATION ON CSN ACTS L I N K  AT T H I S  LOCATION: 2.040 Z 
M E W  ATTENUATION ON AN ACTS L INK;  3 20 GHz: 2.110 dB; 3 30 GHz: 4.387 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHZ: 1.032; a 30 GHZ: 0.990 
FADE TOTAL FADING T IME ( IN  MINUTES) ACROSS FADE DEPTHS 
DURATION 20GHz 30GHz 


















































































9 .9  
6.0 





















































FADE CONTROL ON 20 GHz L I N K  
I F  ATTENUATION THEN W I M U M  T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL (IN dB) WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 






91.9 121.2 174.9 308.0 
34.6 45.6 65.7 115.8 
13.8 18.1 26.2 46.1 
4.7 6.2 9.0 15.8 
1 .o 1.3 1.8 3 .2  
FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATIW THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN M I L A B I L I T Y  IS 




4 . O  
80.6 106.3 153.4 270.2 
26.1 34.5 4P.7 87.6 
8.1 10.7 15.4 27.2 



















LOCATION OF TERMINAL: ROCHESTER, NY 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 
MEAN ATTENUATION ON AN ACTS L I N K ;  3 20 GHz: 1.876 dB; 3 30 GHz: 3.755 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.106; 3 30 GHz: 1.082 
1.415 2 
FADE TOTAL FADING T IME (IN MINUTES) ACROSS FADE DEPTHS 
DURAT I ON 20GHz 30GHz 

















































33.1 4 . 5  
22.5 2.8 
15 .4  1 .7  



















































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 





2 .5  
80 . O  105.5 152.2 268.2 
30.1 39.7 57.2 100.8  
12.0 15.8 22.8 40 .1  
4 .1  5.4 7.8 13.7 
0 . 8  1.1 1 .6  2.8 
I FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
I S  99.999x 99.99% 99.9% 99% 
1 .o 
2.0 
3 .0  
4 .0  
67.5 89.0 128.3 226.1 
21.9 28.8 41.6 73.3 
6 .8  9.0 12.9 22.8 
1 .3  1.7 2 .5  4.3 
72 
LOCATION OF TERMINAL: SYRACUSE, NY 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 2.365 X 
MEAN ATTENUCITION ON AN ACTS L INK;  3 20 GHz: 1.453 dB; 3 30 GHz: 3.147 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.048; a 30 GHZ: 0.991 
FADE TOTAL FADING TIME ( IN  MINUTES) ACROSS FADE DEPTHS 
DURAT I ON 20GHz 30 GHz 




















2876 . 3 
2798.0 
2721.7 









333 I 5  
253.0 
191.9 
I F  ATTENUATION 
LEVEL ( IN  dB) 
IS 
0.5 




I F  ATTENUATION 



















































1 0 . 1  
5.8 
3 .3  
1.9 
1 . 1  


















FADE CONTROL ON 20 GHz L I N K  
3983 . 6 
3889.0 
































THEN W I M l l M  T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
89.2 117.7 169.7 299.0 
33.6 44.2 63.8 112.4 
13.4 17.6 25.4 44.7 
4.6 6.0 8 .7  15.3 
0 .9  1.2 1.8 3.1 
FADE CONTROL CN 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN W A I L A B I L I T Y  IS 
99.999% 99.99% 99.9% 99% 
80.4 106.1 153.0 269.5 
26.1 34.4 49.6 87.3 
8.1 10.7 15.4 27.1 
1.5 2.0 2 .9  5.2 
15dB 
716.4 
686 . 2 
657.3 















LOCATION OF TERMIWL: OKLAHOMA CITY, OK 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 2.848 dB; 3 30 GHz: 5.466 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.113; 3 30 GHz: 1.096 
0.852 X 
FADE 





































I F  ATTENUATION 




































































7 .2  
4.8 
3dB 























































THEN MAXIMUM TIME ( IN  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99 a 9P% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
79.1 104.3 150.4 265.0 
29.7 39.2 56.5 99.6 
11.8 15.6 22.5 39.7 
4.1 5 .3  7 .7  13.6 



















FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
99.999% 99.99% 99 9% 99% 
65.8 86.8  125.1 220.4 
21.3 28.1 40.6 71.4 
6.6 8.7 12.6 22.2 
1.3 1 .7  2.4 4.2 
74 
LOCATION OF TERMINAL: CLEVELAND, OH 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 2.097 X 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 1.319 d8; 3 30 GHr: 2.869 d8 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.098; 3 30 GHr: 1.037 
FADE TOTAL FADING TIME ( IN  MINUTES) ACROSS FADE DEPTHS 
DURATI ON 




































I F  ATTENUATION 
LEVEL ( IN  dB) 
I S  




2 .5  
I F  ATTENUATI ON 
LEVEL ( I N  dB) 



















































































































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99;! 99. sr,! 99% 
WITH 3 d8 THRESHOLD AT GIVEN AVAILABIL ITY  I S  
81.3 107.2 154.7 272.4 
30.6 40.3 58.1 102.4 
12.2 16.0 23.1 40.8 
4.2 5.5 7.9 14.0 
0.8 1 e l  1 .6  2.8 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  I S  
99 999% 99.99% 99.9% 99% 
73.4 96.8 139.7 246.0 
23.8 31.4 45.3 79.7 
7.4 9.8 14.1 24.8 




















LOCATION OF TERMINAL: COLWBUS, OH 
I 
I PROBABILITY OF ATTENMTION ON AN ACTS L I N K  AT T H I S  LOCATION: 1.502 X 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 2.159 dB; 3 30 GHz: 4.426 d8 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHZ: 1.020; 3 30 GHZ: 0.984 
FADE TOTAL FADING T IME (IN MINUTES) ACROSS FADE DEPTHS 
DURAT I ON 20GHz 










































414.9 1 1 1 . 0  














81 .6  
55.9 
38 .3  
26 .3  
18.0 
I F ATTENMT I ON 
LEVEL ( I N  dB) 
IS 
0 . 5  
1 .o 
1 . 5  
2 .0  
2 . 5  
IF ATTENUATION 
LEVEL ( I N  dB) 
IS 
1 .o 
2 .0  
3.0 















7 . 3  
4 . 5  
2 . 7  
1 . 7  
3dB 
5163.3 
















FADE CONTROL ON 20 GHz LINK 
5d0 
3560 . 2 



































THEN MAXIMUM T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99 I9% 99% 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
94.1 124.1 179.0 315.4 
35.4 46.7 6 7 . 3  118.6 
14.1 18.6 26.8 47 .2  
4 . 8  6 . 4  9 . 2  16.1 













92 .2  
63.7 
44.0 
30 .4  
21 .o 
788.2 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM T IME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
99.999% 99.99% 99.9% 99% 
81.6  107.6 155.2 273.4 
26 .5  34.9 5 0 . 3  88 .6  
8 . 2  10.8 15.6 2 7 . 5  
1 . 6  2 .1  3 . 0  5 . 3  
76 
LOCATION OF TERMINAL: PORTLAND, OR 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 18.209 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 0.117 dB; 3 30 GHz: 0.314 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.277; a 30 GHZ: 1.177 
FADE 




















529 . 6 
498.0 















TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 







































































































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
IS 99.999% 99.99% 99.9% 9 9% 
0.5 




60.1 79.2 114.2 201.2 
22.6 29.8 42.9 75.6 
9.0 11.9 17.1 30.1 
3.1 4.1 5.8 10.3 
0.6 0.8 1.2 2.1 
FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 





191.1 57.0 75.2 108.5 
18.5 24.4 35.2 61.9 
5.7 7.6 10.9 19.3 




















LOCATION OF TERMINAL: HARRISBURG, PA 
I PROBABILITY OF ATTENUATION ON AN ACTS L INK AT T H I S  LOCATION: MEAN ATTENUATICH ON AN ACTS L INK;  3 20 GHz: 1.463 d8; 3 30 GHz: 3.173 dB 2.315 % 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.082; a 30 G H ~ :  1.023 
FADE TOTAL FADING TIME ( IN  MINUTES) ACROSS FADE DEPTHS 
DURATION 2OGHz 30 GHz 




















































I F  ATTENUATION 






2 .5  
I F ATTENUAT I ON 
LEVEL ( I N  dB) 



















22 .8  
14.8 














4 . 4  
2 .6  
1.5 


















FADE CONTROL ON 20 GHz L I N K  


































THEN MAXIMUM TIME (IN SECONDS) TO IMPLEMENT CONTROL 
99 997% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
83.6 110.3 159.1 280.2 
31.4 41.5 59.8 105.3 
12.5 16.5 23.8 41.9 
4.3 5 .6  8.1 14.3 


















663 m 6 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMIPI T IME (IN SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
99.999% 99 97% 99.9% 99% 
75.5 99.5 143.6 252 9 
24.5 32.3 46.5 82.0 
7 .6  10 .o 14.5 25.5 
1.5 1 .9  2 .8  4.9 
78 
LOCATION OF T E R M I M L :  MEMPHIS, TN 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 2.145 2 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 2.246 dB; 3 30 GHz: 4.780 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 0.963; a 30 G H ~ :  0.907 
c FADE 
DURAT I ON 




































TOTAL FADING TIME ( IN  fl INUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 





















































5322 . 3 
5228.2 
5135.7 
SO44 . 9 
4955.7 




























FADE CONTROL ON 20 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME (IN SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( IN  dB) WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 






105.7 139.3 200.9 354 . O  
39.7 52.4 75.5 133.1 
15.8 20.9 30.1 53.0 
5 .4  7.1 10.3 18.1 
1 . 1  1.4 2 .1  3.7 
FADE CONTROL ON 30 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 




4 . O  
96.1 126.7 182.7 321.8 
31 . 1  4 1 . 1  59.2 104.3 
9.7 12.8 18.4 32.4 




















I LOCATION OF TERMINAL: NASHVILLE, TN 
PROBABILITY OF ATTENLHTION ON AN ACTS LINK AT THIS LOCATION: 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 3.310 dB; 3 30 GHz: 6.625 d8 
1.400 X 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 0.973; a 30 GHZ: 0.940 
FADE TOTAL FADINO TIME ( I N  MINUTSS) ACROSS FADE DEPTHS 
DURAT I ON 2OGHz 30GHz 


































































81 . O  
59.3 
385.3 



































































512.1 90 a5 
I FADE CONTROL ON 20 GHz LINK 
I F  ATTENllATION THEN MAXIMUM TIME ( IN SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY I S  
I 
I S  99.999% 99.99% 99.9% 99% 
0.5 




103.4 136.4 196.7 346.5 
38.9 51.3 73.9 130.3 
15.5 20.4 29.4 51.9 
5.3 7.0 10.1 17.7 
1.1 1.4 2.0 3.6 
I FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY I S  
I S  99.999% 99.99% 99. 7% 99% 
I 1 . o  2.0 
3,O 
4.0 
89.4 117.8 169.9 299.4 
29.0 38.2 55.1 97.0 
9.0 11.9 17.1 30.2 
1.7 2.3 3.3 5.8 
LOCATION OF TERMINAL: AUSTIN, TX 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 0.809 X 
M E W  ATTENUATION ON AN ACTS L INK;  3 20 GHz: 3.341 dB; 3 30 GHz: 6.406 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.119; a 30 GHZ: 1.100 
c FADE 
DURATION 




































I F  ATTENUATION 







I F  ATTENUATION 





4 . 0  
TOTAL FADING TIME ( IN  MINUTES) ACROSS FADE DEPTHS 
2OGHz 3OGHz 





































353 I S  

















































THEN MAXIMUM TIME ( IN  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
70.2 103.1 148.7 262.0 
29.4 38.8 55.9 98.5 
11.7 15.4 22.3 39.2 
4 . O  5.3 7 .6  13.4 
0.8 1 .l 1.5 2.7 
FADE CONTROL ON 30 GHz L I N K  
THEN M X I M l R f  TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
99.999% 99.99% 99.9% 9 9% 
65.3 86.2 124.3 218.9 
21.2 27.9 40.3 71 . O  
6 . 6  8 . 7  12.5 22.1 




















LOCATION OF TERMIUAL: DALLAS, TX 
I PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHr: 2.615 dB; 3 30 GHz: 5.152 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1,116; 3 30 GHz: 1.089 
0.939 2 
FADE 
DURAT I ON 

































I F  ATTENUATION 







I F  ATTENUATION 





























731 - 6  
708.0 
685.1 






















































































THEN MAXIMUM TIME ( IN  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
70.7 103.8 149.7 263.6 
29.6 39.0 56.3 99.1 
11.8 15.5 22.4 39.5 
4 . 0  5.3 7.7 13.5 
0.8 1.1 1.5 2.7 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TU IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
99.999% 99.99% 99.9% 99% 
66.6 87.8 126.7 223.1 
21 .& 28.5 41.1 72.3 
6.7 8.8 12.8 22.5 
1 . 3  1.7 2.4 4.3 
1 Sd0 
806.8 

















LOCATION OF TERMINAL: EL PASO, TX 
PRUBCSBILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 0.642 X 
M E W  ATTENWITICN ON AN ACTS LINK; 3 20 GHz: 0.630 dB; 3 30 GHz: 1.353 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.245; 3 30 GHz: 1.203 
FADE 
DURATI ON 




































I F  ATTENUATION 







F ATTENWT ON 





4 . O  














17.4 5 . 2  
1 1 . 1  3.1 
7 .1  1 .9  
4.5 1 . 1  
2 .9  0.7 








9 .9  
7.3 
5.4 
2 .9  
1.6 
0.8 
0 .5  
0 .2  
0 . 1  








































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.99% 99.99% 99 9% 99% 
WITH 3 dB THRESHOLD AT GIVEN WAILABILITY IS 
63.2 83.3 120.1 211.6 
23.8 31.3 45.2 79.6 
9 .5  12.5 18.0 31.7 
3 .2  4.3 6.2 10.8 
0 .7  0 .9  1 .2  2.2 
FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN #AILABILITY IS 
99.999% 99.99% 99,9% 99% 
54.6 72.1 103.9 183.1 
17.7 23.4 33.7 59.3 
5 . 5  7 .3  10.5 18.4 

















0 .8  
0 .s 
83 
. -  
LOCATION OF TERMINAL: FORT WORTH, TX 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 0.910 2 
MEN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 2.736 dB; 3 30 GHz: 5.354 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.097; a 30 GHZ: 1.075 
FADE 
DURAT I ON 




































I F  ATTENUATION 







I F  ATTENUATION 
L N E L  ( I N  dB) 



























































9 .5  
6 .2  
























































FADE CONTROL ON 20 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY I S  
81.4 107.4 154.9 272.8 
30.6 40.4 58.2 102.6 
12.2 16.1 23.2 40.8 
4 .2  5.5 7 .9  14 .0  
0 .8 1 .l 1.6 2.8 
FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
99.999% 99.99% 99 I 9% 9P% 
68.5 90.3 130.2 229.3 
22.2 29.3 42.2 74.3 
6 .9  9.1 13.1 23.1 



















LOCATION OF TERMINAL: HOUSTON, TX 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 0.966 X 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHzr 4.571 dB; 3 30 GHz: 8.811 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.022; a 30 GHZ: 0.998 
- FADE 
DURATI ON 




































I F  ATTENUATION 







I F  ATTENUATION 






TOTAL FADING TIME (IN MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 








































































































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 99% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
93.8 123.7 178.5 314.4 
35.3 46.5 67.1 118.2 
14.0 18.S 26.7 47.0 
4.8 6 .3  9.1 16.1 
1 .o 1.3 1.8 3 .3  
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABIL ITY  IS 
99.999% 99.99% 99.9% 9 92 
79.3 104.6 150.8 265.7 
25.7 33.9 48.9 86.1 
8.0 10.5 15.2 26.8 



















LOCATION OF TERMIML: SAN ANTONIO, TX 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOWTION: 0.984 X 
MEAN ATTENUATION ON CYJ ACTS LINK; 3 20 GHz: 2.498 dB; i) 30 GHz: 5.085 d8 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.074; 3 30 GHz: 1.035 
FADE 






































LEVEL ( I N  dB) 
IS 





I F  ATTENMTION 





4 . 0  





















































6 .8  
4.4 

























































THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 9 7% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
84.9 112.0 161.5 284.4 
31.9 42.1 60.7 106.9 
12.7 16.8 24.2 42.6 
4.3 5.7 8 .3  14.6 
0 . 9  1.2 1.7 2.9 
FADE COMROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS 
99.999% 99.99% 99.9% 99% 
73.8 97.3 1 4 0 . 4  247.3 
23.9 31.6 45.5 80.2 
7.4 9 .8  1 4 . 1  24.9 




















LOCATION OF TERMINAL: SALT LAKE CITY,  UT 
PROBABILITY OF ATTENUATIWJ ON fW ACTS L I N K  AT T H I S  LOCATION: 3.704 2 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 0.151 dB; 3 30 GHz: 0.382 dB 
STNDRD. DEVIATION OF ATTENUATION; a 20 GHZ: 1.298; a 30 GHZ: 1.207 
, FADE 
DURAT I ON 




































I F  ATTENUATION 
LEVEL ( I N  dB) 
IS 
0.5 




I F  ATTENUATION 
LEVEL ( I N  dB) 




4 .0  
TOTAL FADING TIME ( IN  MINUTES) ACROSS FADE DEPTHS 
20GHz 














0 . 7  
0.4 


























1 . l  
0.7 








853 . 3 
815.3 
779.0 






























4 .4  
2.6 


















0 . 5  



















THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 9P% 
WITH 3 dB THRESHOLD AT GIVEN A V A I L A B I L I T Y  I S  
58.2 76.7 110.6 194.9 
21.9 28.8 41.6 73.3 
8.7 11 . s  16.6 29.2 
3.0 3.9 5.7 10.0 
0 .6  0.8 1 . l  2.0 
FADE CONTROL ON 30 GHz L I N K  
THEN MAXIMU1 TIME ( IN  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN C W A I M B I L I T Y  I S  
99.999% 99.99% 99 9% 99% 
54.3 71.6 103.2 181.9 
17.6 23.2 33.5 58.9 
5.5 7.2 10 .4  18.3 
1 .o 1 . 4  2.0 3.5 
87 
LOCATION OF TERMINAL: NORFOLK, VA 
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 2.099 2 
MEAN ATTENUATION ON AN ACTS L I N K ;  3 20 GHr: 2.134 dB; 3 30 GHz: 4.486 dB 
STNDRD. DEVIATION OF ATTENUATION; 3 20 GHz: 1.023; 3 30 GHz: 0.974 
FADE 





































I F  ATTENUATION 
LEVEL ( I N  dB) 
IS 




2 .5  
I F  ATTENUATION 





4 . 0  




















































9 .9  
6 .1  
3.7 























































2749 e 3 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 














1 . 6  
99.99% 99.9% 99% 
123.5 178.1 313.8 
46.4 67.0 118.0 
18.5 26.7 47.0 
6 .3  9.1 16.1 
1.3 1 .8  3.2 
CONTROL ON 30 GHz L I N K  
TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
THRESHOLD AT GIVEN A V A I L A B I L I T Y  IS 
99.99% 99.9% 99% 
109.7 158.3 278.8 
35.6 51.3 90.4 
1 1 . 1  15.9 28.1 




















LOCATION OF TERMIWL: RICWOND, VA 
PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: 1.629 X 
MEAN ATTENUATION ON AN ACTS LINK; a 20 GHZ: 2.610 d8; 3 30 G H ~ :  5.267 








































TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 
5dB 8dB 15d8 3dB 5dB 8dB 
2299.3 
2239 . 4 




































































































FADE CONTROL ON 20 GHz LINK 
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
IS 99.999% 99.99% 99.9% 99% 




2 .5  
88.4 116.5 168.1 296.1 
33.2 43.8 63.2 111.3 
13.2 17.4 25.2 44.3 
4.5 6.0 8.6 15.2 
0.9 1 .2  1 .7  3.1 
FADE CONTROL ON 30 GHz LINK 
I F  ATTENUATIW THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 5 dB THRESHOLD AT GIVEN M I L A B I L I T Y  IS 




4 .0  
76.1 100.4 144.8 255.1 
24.7 32.5 46.9 82.7 
7.7 10 .1  14.6 25.7 




















LOCATION OF TERMINAL: SEATTLE, WA 
PROBABILITY OF ATTENUATIDN ON AN ACTS LINK AT THIS LOCATION: 53.498 X 
MEAN ATTENUATION ON AN ACTS LINK; 3 20 GHz: 0.031 dB; 3 30 GHz: 0.090 dB i 




































0 . 5  
0.2 
0 .1  
I F  ATTENUATION 







I F  ATTENUATION 




3 .0  
4 .0  
TOTAL FADING TIME ( IN MINUTES) ACROSS FADE DEPTHS 
20GHz 











2 .0  
0.9 
0 .4  
0.2 
0 .1  












0 .4  
0.2 
0 . 1  
0 .o 










0 .5  443.0 
0.3 322.4 
0.1 170.8 
0 .o 90.5 
0 .o 47.9 
0 .o  25.4 
0 .0  13.4 
0.0  7.1 
0 .0  2.0 
0.0 3.8 






































THEN MAXIMUM TIME ( IN  SECONDS) TO IMPLEMENT CONTROL 
99.999% 99.99% 99.9% 97% 
WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY IS 
47.6 62.8 90.5 159.5 
17.9 23.6 34.0 59.9 
7.1 9.4 13.5 23 .9  
2.4 3.2 4.6 8.2 
0 . 5  0.6 0.9 1.7 
FADE CONTROL ON 30 GHz LINK 
THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
WITH 5 dB THRESHOLD AT GIVEN AUAILABILITY IS 
99.999% 99.99% 99.9% 9 9% 
45.0 59.3 85.5 150.6 
14.6 19.2 27.7 48.8 
4.5 6.0 8.6 15.2 













0 . 5  
0.2 
0.1 
0 e 0  
0 .o 




LOCATION OF TERMINAL: MILWAUKEE, W I  
PROBABILITY OF ATTENUATION ON AN ACTS L I N K  AT T H I S  LOCATION: 
MEAN ATTENUATION ON AN ACTS L INK;  3 20 GHz: 1.435 dB; 3 30 GHz: 3.053 dB 
1.653 X 
STNDRD. DEVIATION OF ATTENMTION; a 20 GHZ: 1.083; a 30 G H ~ :  1.033 
4 FADE 
DURATION 



















TOTAL FADING TIME ( I N  MINUTES) ACROSS FADE DEPTHS 
2OGHz 30GHz 
































1 0 . 0  1 s o  





















































FADE CONTROL ON 20 GHz L I N K  
I F  ATTENUATION THEN MAXIMUM TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 
LEVEL ( I N  dB) WITH 3 dB THRESHOLD AT GIVEN M I L A B I L I T Y  IS 






83.5 110.1  158.8 279 8 
31.4 41.4 59.7 105.2 
12.5 16.5 23.8 41.9 
4.3 5.6 8.1 14.3 
0 .9  1 . 1  1.6 2 .9  
FADE CONTROL ON 30 GHz L I N K  
- 
I F  ATTENUATION THEN W I M U I  TIME ( I N  SECONDS) TO IMPLEMENT CONTROL 





74.0 97.6 140.8 248.1 
24.0 31.6 45.6 80.4 
7.5 9.8 14.2 25.0 




492 . 5 
472 . 1 
452.5 














R A I N  FADE DISTRIBUTION AND FADE CONTROL DELAY CALCULATION 
ALGORITHM FOR SATELLITE LINKS 
The f o l l o w i n g  program E.  1,  i s  t he  nMicrosof t t '  bas i c  program used t o  
generate the  temporal r a i n  s t a t i s t i c s  t h a t  appear i n  appendix D. The program 
c a r r i e s  o u t  the c a l c u l a t i o n  of equat ions (3 .1 )  to  (3.3) and equat ion  (3.11) 
us ing  as i npu ts  the  q u a n t i t i e s  Po(L,8), lnAm, and UlnA for 20 and 30 GHz as 
c a l c u l a t e d  i n  p a r t  1 of t h i s  work. The value of y = 5 .39~10-2  min-1 i s  used 






REM RAIN rADC DISTRIBUTION AND FADE CONTROL DELAY CALCULATION 
REM 
REM SEPTEMBER 3, 1987 
REM 
REM THIS PROGRAM CALCULATES THE NUMBER OF MINUTES IN A YEAR THAT 
REM GIVEN FADE DURATIONS WILL BE EXCEEDED FOR GIVEN FADE DEPTHS. 
REM IT THEN DETERMINES, FOR A GIVEN CONTROL SYSTEM AVAILABILITY, 
REM WHAT THE TIME INTERVAL IN WHICH A DECISION MUST BE MADE TO 
REM IMPLEMENT CONTROL FOR SELECTED VALUES OF FADE MARGINS. 
REM 
DIM PT20( 15),PT30( 15),11( 17),12(4),DT20(5),DT30(5) 
FOR J=1 TO 17 
READ Il(J) 
NEXT J 




PRINTTITY, STATE WHERE SITE IS LOCATED: " 
LINE INPUT CTYS 
REM 
REM INPUT PROBABILITY OF ATTENUATION FOR THIS LOCATION THAT IS 
REM SPECIFIC TO ACTS AS CALCULATED IN THE STATIC RAIN MODEL. 
REM 
INPUT-ENTER PROBABILITY (IN W )  OF ATTENUATION FOR THIS ACTS LINK :';PO 
REM 
REM INPUT 20 GHz STATISTICS 
REM 
INPUTI'ENTER MEAN ATTENUATION FOR 20 GHz :";AM20 
1NPUT"ENTER STANDARD DEV. OF 20 GHz ATTENUATION :";SA20 
REM 
REM INPUT 30 GHz STATISTICS 
REM 
1NPUT"ENTER MEAN ATTENUATION FOR 30 GHz :";AM30 
1NPUT"ENTER STANDARD DEV. OF 30 GHz ATTENUATION :';SA30 
REM 
REM PRINT OUT INTERMEDIATE RESULTS 
REM 
LPRINT 
LPRINT TAB(7)"LOCATION OF TERMINAL: ";CTYS 
LPRINT 
LPRINT TAB(7)"PROBABILITY OF ATTENUATION ON AN ACTS LINK AT THIS LOCATION: ";PO;"% 
LPRINT TAB(7)"MEAN ATTENUATION ON AN ACTS LINK; 8 20 GHz: ";AM20;"dB;";" @ 30 GHz: ';AM30;"dB 






LPRl  NT" FADE 
L PR I NT " DURAT ION 20GHz 30GHz" 




REM CALCULATE FADE DURATIONS 
REM 
REM 
REM CALCULATE ATTENUATION DEPENDENT COEFFICIENTS FOR FOUR 
REM VALUES OF FADE DEPTHS 
REM 
81.0539 'Inverse Minutes. (UNIVERSAL ATTENUATION TIME PARAMETER) 
REM 
REM BEGIN LOOP 
REM 
REM STEP THRU TIME 
REM 
FOR JJ=1 TO 17 
Tal 1 (JJ) 
REM 
REM STEP THRU ATTENUATION 
REM 
FOR KK=I TO 4 
A=12(KK) 





REM CALCULATE CUMULATIVE PROBABILITY OF A AT 20 GHz 
PA20=( PO/ 2 )*ERFC 





REM CALCULATE CUMULATIVE PROBABILITY OF A AT 30 GHz 
PA30=(P0/2)*ERFC 
REM 
REM CALCULATE CUMULATIVE PROBABILITY DISTRIBUTION FOR 20 AND 3 0  GHZ 
REM 
PT20(A)-(PA20/ 1 00)*EXP(-BYT/FXO20) * Minuteslyear 
PT30(A)=(PA30/ 1 00)*EXP(-B*T/FX030) ' Minuteslyear 
TOTAL FADJNG TIME (IN MINUTES) ACROSS FADE DEPTHS 
PROGRAM E.l (cont'd) 
94 
NEXT KK 
LPRINT TAB( 1 O);USING"***".T. 
LPRINT TAB( 18); USING"***~~+.*';PT20(3)*525960!; 
LPRl NT US1 NG"******+.*";PT20(5)~25960!; 
LPRl NT US1 NG"*+*****.*";PT20(8)*525960!; 
LPRINT USING"**+****.*";PT20( 15)*525960!; 
LPRl NT US1 NG"***"***.*";PT30(3)*5259601; 
LPR I NT US1 NG"'**+*+*.+';PT30~5~Jc525960!; 
LPRl NT US1 NG"XXf~tt+,*";PT30(8)~25960!; 
LPRINT USING"****+**.*";PT30( 151525960! 
NEXT JJ 




REM CONTROL DELAY CALCULATION 
REM 
REM 
INVERFC59=3.02' INVERSE ERROR FUNC CORRESPONDING TO 2*PAVIL, PAVlL=.99999 
lNvERFC49~2.63' INVERSE ERROR FUNC CORRESPONDING TO 2*PAVIL, PAVIL1.9999 
INVERFC39=2.19 INVERSE ERROR FUNC CORRESPONDING TO 2*PAVIL, PAVIL=.999 
INVERFC29= 1.65' INVERSE ERROR FUNC CORRESPONDING TO 2*PAVIL, PAVIL1.99 
Ath2013'dB; CONTROL THRESHOLD FOR 20 GHz. 





LPRINT TAB(35);"FADE CONTROL ON 20 GHz L INK 
LPRINT 
LPRINT TAB(8);" IF ATTENUATION"; 
LPRINT TAB(3O);"THEN MAXIMUM TIME (IN SECONDS) TO IMPLEMENT CONTROL" 
LPRINT TAB(8);" LEVEL (IN dB)"; 
LPRINT TAB(27);"WITH 3 dB THRESHOLD AT GIVEN AVAILABILITY I S "  
LPRINT TAB( 13);"IS"; 
LPRINT TAB (30);"99.999%"; 
LPRINT TAB(44);"99.99%"; 




REM STEP THRU ATTENUATION VALUES 
REM 
FOR LL=l  TO 5 
AC=LL/2 
DT20(5)=(60/(4*B))*(LOG(Ath20/AC~/~SA20*1 NVERFC59))"2 
I F  LOG(Ath20/AC)<O THEN DT20(5)=0 
PROGRAM E . l  (cont'd) 
95 
DT20(4)=(60/(4*B))*(LOG(Ath2O/AC)/(SA2O*l NVERFC49)Y2 
IF LOG(Ath20/AC)<O THEN DT20(4)=0 
DT20( 3 )=(60/( 4*B))*(LOG(Ath20/AC)/(SA2O*l NVERFC391Y2 
IF LOG(Ath20/AC)<O THEN DT20(3)=0 
DT20(2)~(60/(4*B))*(LOG(Ath20/AC)/(SA2O*lNVERFC29)Y2 
IF  LOG(Ath20/AC)<O THEN DT20(2)-0 
LPRINT TAB( 13);USING"*.*";AC; 
LPRINT TAB(30); USING"**'.*";DT20(5); 
LPRINT TAB(44);USING"***.*";DT20(4); 
LPRINT TAB(58);USING'*'*.*";DT20(3); 




LPRINT TAB(35);"FADE CONTROL ON 30 GHz LINK" 
LPRINT 
LPRINT TAB(8);" IF ATTENUATION"; 
LPRINT TAB(27);'THEN MAXIMUM TIME (IN SECONDS) TO IMPLEMENT CONTROL' 
LPRINT TAB(8);" LEVEL (IN dB)"; 
LPRINT TAB(30);"WITH 5 dB THRESHOLD AT GIVEN AVAILABILITY IS " 
LPRINT TAB(13);"IS"; 
LPRINT TAB (30);"99.999%"; 
LPRl NT TAB(44);*'99.99%"; 




REM STEP THRU ATTENUATION VALUES 
REM 
FOR AC=l TO 4 
DT30(5)=(60/(4)CB))*(LOG(At h30/AC)/(SA3OYJNVERFC59)Y2 
IF  LOG(Ath30/AC)<O THEN DT30(5)=0 
DT30(4)=(60/(4*B))*(LOG(Ath30/AC)/(SA3O*lNVERFC49))"2 
IF  LOG(Ath30/AC)<O THEN DT30(4)=0 
DT30~3~=~60/~4*B~~*~LOG~Ath30/AC~/~SA30* lNVERFC39~~2 
IF  LOG(Ath30/AC)<O THEN DT30(3)=0 
DT30(2)=(60/(4~))*c(LOG(Ath30/AC)/(SA3O*lNVERFC29)Y2 
IF LOG(Ath30/AC)<O THEN DT30(20)-0 
LPRINT TAB( 13);USING"*.+";AC; 
LPRl NT TAB(30); US1 NG"***.*";DT30(5); 
LPRINT TAB(44);USING"***.*";DT30(4); 
LPR I NT TAB(58);US I NG"***.*";DT30(3 1; 
LPRINT TAB(70);USING"*+*.*";DT30(2) 
NEXT AC 
150 INPUT"C0NTINUE WITH ANOTHER LOCATION ? (YES/NO):";ANSS 
IF ANSS="YES THEN GOTO 100 
IF  ANSS="NO" THEN GOTO 200 






I F  ARG<O THEN LET K l  a- 1 
IF  ARG>O THEN LET K l - 1  
I F  ARG=O THEN GOTO 1000 
I ARG=K 1 *ARG 
ARG2=ARG^2 
IF  (ARG> 1.5) THEN GOTO 1 100 
TO-ARG 





T 1 =2*T 1 *ARG2/( 1 +2*J) 
TO=T 1 +T2 
IF  (T 1 >TOL*TO) THEN GOTO 1200 
ERF=K 1 * ? * f O * E X P ( - ~ 5 2 ) ~ ~ ~ ~ ~ ~ .  13 159) 





REM COMPLEMENTARY ERROR FUNCTION 
1100T3=12 
V-.5/ARG2 
U= 1 +V*(T3+ 1) 
FOR J=T3 TO 1 STEP - 1  
TO= 1 +J*V/U 
NEXT J 
ERFC=EXP(-ARG2MARG*TO%QR(3.14159)) 
ERF= 1 -ERFC 
I F  K l = l  THEN GOTO 1300 
ERF=-ERF 





PROGRAM E.l (cont'd) 
97 
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Fade duration, 
m i  n 




Total fading time, min 
Total number o f  fades 
Fract ion o f  t o t a l  fading time, percent, 
across fade leve ls  
Decibel s 
3 6 10 15 20 25 
95.7 91.9 91.1 93.6 91.2 89.7 
81.6 72.4 69.7 71.4 85.6 78.4 
53.8 29.0 39.6 17.0 38.1 --- 
17.5 6 .1  ---_ _____ __ I-- 
2196 1024 514 297 114 24 
183 125 66 43 12 7 
1 3  
Fade duration, 
m i  n 
57.1 
Total number o f  fades 
Fraction o f  t o t a l  fading time, percent, 
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